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Preface  to  special  issue 


The  3rd  Topical  Workshop  on  Heterostructure 
Microelectronics  for  Information  Systems  Applications 
(TWHM-ISA  ’98),  held  in  Hayama-machi  on  the  beau¬ 
tiful  Miura  Peninsula,  followed  the  tradition  set  by  the 
previous  successful  and  internationally  attended 
Workshops,  held  in  Susono  in  1994  and  in  Sapporo  in 
1996,  by  reporting  the  latest  developments  in  hetero¬ 
structure  microelectronics.  A  special  emphasis  was 
placed  on  the  applications  in  information  systems  for 
this  workshop.  This  was  prompted  by  the  fact  that  the 
fast  evolution  of  heterostructure  microelectronics  has 
already  begun  to  show  signs  of  solving  the  technologi¬ 
cal  problems  in  information  systems  of  today  and 
tomorrow.  The  workshop  title  reflected  this  change  by 
the  addition  of  letters  ISA. 

The  Workshop  sessions  contain  a  variety  of  contri¬ 
butions  on  devices,  materials,  circuits  and  systems.  The 
technologies  employed  are  based  on  heterostructure 
bipolar  transistors,  heterostructure  field  effect  transis¬ 
tors  and  resonant  tunneling  diodes,  and  make  use  of  a 
variety  of  heterostructure  material  systems  including 
III-Vs  (e.g.  GaAs,  InP  and  related  compounds),  group 
IV  semiconductors  (e.g.  SiGe),  and  wide  bandgap 
semiconductors  (e.g.  III-V  Nitrides  and  SiC).  Special 
emphasis  was  also  placed  on  the  effective  insertion  of 
these  devices  and  circuits  into  systems  such  as  mobile, 
fiber  optic,  space  communications,  as  well  as  signal 


and  data  processing.  This  special  issue  includes  excel¬ 
lent  review  articles  on  the  present  applications  and  the 
future  impact  of  such  technologies  in  information  sys¬ 
tem  applications. 
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arranging  the  excellent  program.  The  financial  and 
organizing  support  made  by  the  Asian  Office  of 
Aerospace  Research  and  Development  (AOARD),  and 
the  Office  of  Naval  Research  (ONR)  are  also  greatly 
appreciated.  Technical  sponsorship  by  the  IEEE 
Electron  Device  Society,  the  Japan  Society  of  Applied 
Physics,  and  the  Institute  of  Electronics,  Information 
and  Communication  Engineers  has  also  been  instru¬ 
mental  in  the  organization  of  this  Workshop. 
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Relationship  between  gate  lag,  power  drift,  and  power 
slump  of  pseudomorphic  high  electron  mobility  transistors 

James  C.M.  Hwang* 

Lehigh  University,  5  East  Packer  Avenue,  Bethlehem,  PA  18015,  USA 


Abstract 

This  paper  attempts  to  clarify  the  confusion  between  different  surface-related  problems  of  PHEMTs  such  as  gate 
lag,  power  drift,  and  power  slump.  Distinguishment  is  made  not  only  in  terms  of  electrical  characteristics  but  also 
physical  mechanisms.  It  was  found  that  gate  lag  can  be  attributed  to  surface  states  while  power  drift  and  slump  can 
be  attributed  to  recoverable  and  irrecoverable,  respectively,  charge  buildups  in  the  silicon-nitride  surface-passivation 
layer.  As  the  result,  the  worsening  of  gate  lag  instead  of  gate  lag  per  se  can  be  an  indicator  of  power  drift  while 
power  drift  can  be  a  precursor  for  power  slump.  Based  on  such  an  understanding,  a  convenient  screening  test  for 
these  surface-related  problems  is  proposed.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Compared  to  Si,  which  is  by  far  the  most  common 
semiconductor,  compound  semiconductors  such  as 
GaAs  have  surfaces  that  are  far  more  sensitive  in 
terms  of  their  electrical,  chemical,  and  mechanical 
properties.  Although  amorphous  hydrogenated  silicon 
nitride  has  been  used  [1]  to  mitigate  the  surface  pro¬ 
blem  thus  allowing  highly  reliable  GaAs  metal-semi¬ 
conductor  field-effect  transistors  (MESFETs)  to  be 
made  [2],  it  can  be  argued  that  the  GaAs  surface  has 
never  been  truly  passivated.  Compound-semiconduc¬ 
tor-based  heterojunction  devices  such  as  pseudo¬ 
morphic  high  electron  mobility  transistors  (PHEMTs), 
having  higher  transconductances  than  MESFETs,  are 
even  more  sensitive  to  the  surface  problem.  As  the 
result,  certain  PHEMTs  are  known  to  suffer  from  sur¬ 
face-related  effects,  such  as  gate  lag  [3],  power  drift  [4], 
and  power  slump  [5].  Gate  lag  is  undesirable  as  it 


*  Tel.:  +1-610-758-5104;  fax:  +1-610-758-4244. 
E-mail  address:  jh00@lehigh.edu  (J.C.M.  Hwang) 


degrades  the  switching  speed  of  PHEMTs.  Power  drift 
is  troublesome  because  it  makes  power  control  diffi¬ 
cult.  Power  slump  shortens  the  lifetime  of  PHEMTs. 
These  problems  have  confused  potential  users  and  pre¬ 
vented  PHEMTs  being  more  widely  used  in  commer¬ 
cial  applications  such  as  RF  power  amplifiers  for 
wireless  communication,  in  spite  of  power  PHEMT’s 
many  attractive  performance  characteristics  [6]. 

This  paper  attempts  to  clarify  the  confusion  by  dis¬ 
cussing  the  similarities  and  differences  of  different  sur¬ 
face-related  problems.  The  underlying  physical 
mechanisms  will  also  be  discussed.  However,  for  the 
sake  of  brevity  and  the  emphasis  on  concepts  that  are 
broadly  applicable  to  different  makes  of  PHEMTs,  the 
discussion  may  appear  to  be  qualitative  and  speculat¬ 
ive.  (More  definitive  supports  of  the  discussion  can  be 
found  in  the  References.)  Emphasis  is  also  placed  on 
transient  (pulsed)  instead  of  dc  characteristics,  the  for¬ 
mer  being  a  more  reliable  predictor  of  RF  performance 
[3].  Lastly,  to  emphasize  that  not  all  PHEMTs  are  pro¬ 
blematic,  side-by-side  comparisons  with  PHEMTs 
which  do  not  have  gate-lag,  power-drift,  or  power- 
slump  problems  are  shown. 
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VARIABLE 
OFF  TIME 


Fig.  1.  Schematic  illustration  of  a  pulsed  I-V  stress  test.  A 
pulse  generator  is  used  as  the  gate  stimulus  and  a  dc  power 
supply  (Fdd)  is  connected  to  the  drain  of  the  PHEMT  under 
test  through  a  10  D  load  resistor.  Drain  current,  drain-source 
voltage,  and  gate-source  voltage  (Fgs)  are  monitored  by  a 
digital  oscilloscope.  During  the  test,  Fgs  is  pulsed  from  on  to 
deep  pinch  off  repeatedly  at  a  rate  of  0.01-1  Hz.  The  pulse 
width  for  the  off  state  is  varied  from  10  to  500  ms.  The  pulse 
at  deep  pinch  off  simulates  the  avalanche  breakdown  stress  a 
PHEMT  experiences  under  RF  overdrive.  The  long  holding 
period  in  the  on  state  allows  both  transient  and  steady-state 
drain  currents  to  be  continuously  monitored  as  the  stress  ex¬ 
periment  progresses. 


Although  not  critical  to  the  general  concepts  con¬ 
veyed  in  this  paper,  the  PHEMTs  illustrated  in  this 
paper  are  of  the  state  of  the  art.  The  PHEMTs  are  fab¬ 
ricated  on  100  mm  diameter  semi-insulating  GaAs  sub¬ 
strates  grown  by  using  the  liquid-encapsulated 
Czochralski  method.  GaAs  and  GaAs/AlGaAs  super¬ 
lattice  buffer  layers  are  next  grown  on  the  substrates 
by  using  molecular  beam  epitaxy.  Pulse  doping  is  used 
for  the  AIGaAs  layers  above  and  below  the  InGaAs 
channel.  Each  PHEMT  has  a  0.25  pm-long  Ti-Pt-Au 
gate  situated  in  a  double  recess  which  is  formed  by  wet 
chemical  etching  of  the  AIGaAs  layer  above  the  chan¬ 
nel.  The  recess  is  centrally  located  within  a  source- 
drain  spacing  of  approximately  4  pm.  The  PHEMT  is 
passivated  by  approximately  0.2  pm  of  amorphous 
hydrogenated  silicon  nitride  which  is  grown  by  using 
plasma-enhanced  chemical  vapor  deposition.  Typically, 
the  saturated  and  maximum  drain  currents  are  200  and 
300  mA/mm  gate  width,  respectively.  The  threshold 
and  breakdown  voltages  are  -1  and  12  V,  respectively. 


2.  Characteristics  of  gate  lag,  power  drift,  and  power 
slump 

Gate  lag  commonly  refers  to  the  delayed  response  of 
a  PHEMT’s  drain  current  to  its  gate  voltage  change 
[3].  The  delay  time  is  typically  of  the  order  of  ms. 
Using  a  pulsed  I-V  test  as  illustrated  in  Fig.  1,  we 
found  that  when  a  PHEMT’s  gate  is  pulsed  from  deep 


-6-4-2  0 

LOG  TIME  (s) 


Fig.  2.  Gate-lag  characteristics  of  two  PHEMTs  showing  ( — ) 
small  and  ( — )  large,  respectively,  amounts  of  lag  due  to 
different  surface  preparation  processes.  FgS(on) =  - 1 -4,  -1.0 
, . . . ,  0.2  V  bottom  up.  Vgs(off)  =  -4  V.  Fdd  =  2  V. 

pinch  off  to  forward  bias,  approximately  85%  of  the 
drain  current  can  be  turned  on  within  1  ps,  but  the 
remaining  15%  will  take  several  ms  to  achieve  (Fig.  2). 
As  Fig.  3  shows,  for  a  stable  PHEMT  without  power 
drift  or  slump,  this  transient  behavior  is  reproducible 
even  after  hours  of  repeated  pulsing  on  and  off. 

Typical  power-drift  characteristics  of  a  PHEMT  are 
illustrated  in  Fig.  4.  It  can  be  seen  that  the  output 
power  drops  by  more  than  0.5  dB  after  the  RF  input 
is  applied  for  only  10  min.  With  continued  RF  drive, 
the  output  power  will  stabilize  at  a  somewhat  lower 
level  [4].  If  the  RF  drive  is  interrupted,  the  output 
power  capacity  of  the  PHEMT  will  recover  at  least 
partially.  The  recovery  can  be  accelerated  by  anneal¬ 
ing.  Full  recovery  is  usually  possible  within  1  h  at 
175°C  (Fig.  5).  The  drift  and  recovery  refer  to  the 
PHEMT’s  RF  characteristics  only.  There  is  no  discern- 


Fig.  3.  With  a  stable  PHEMT  kept  on  most  of  the  time  but 
once  every  second  pulsed  off  for  10  ms,  transient  drain  cur¬ 
rent  was  then  measured  at  ( — )  1  ps  and  ( — )  64  ms  (steady 
state)  after  the  PHEMT  was  pulsed  back  on.  Notice  that 
although  the  1  ps  current  is  always  different  from  the  steady- 
state  current,  neither  current  varies  with  the  number  of  pulses 
or  total  stress  time.  Fgs(on)  =  0.5  V.  FgS(0fl)  =  -4  V.  Fdd  =  5  V. 
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TIME  (h) 

Fig.  4.  Typical  power-drift  characteristics  of  a  PHEMT  under 
5  dB  RF  overdrive  (RF  input  power  is  increased  by  5  dB 
beyond  the  1  dB  gain  compression  point).  After  the  RF  drive 
is  interrupted,  the  output  power  recovers  at  least  partially  but 
would  undergo  a  similar  drift  once  the  RF  drive  is  reapplied. 
Fgs  =  — 0.5  V.  Fdd  =  5  V.  /  =  900  MHz.  Load  impedance 
tuned  for  maximum  power-added  efficiency. 

able  change  in  dc.  As  for  transient  characteristics,  we 
found  power  drift  to  be  correlated  with  the  worsening 
of  gate  lag  but  not  gate  lag  per  se.  Using  a  pulsed  I-V 
test  similar  to  that  of  Fig.  3,  a  PHEMT  which  tends  to 
drift  exhibits  drifting  gate-lag  characteristics  as  well 
(Fig.  6).  Time-resolved  pulsed  I-V  measurement  simi¬ 
lar  to  that  of  Fig.  2  indicates  that  only  the  gate-lag 
magnitude  (deficiency  in  drain  current  right  after  the 
PHEMT  is  pulsed  on)  has  drifted — the  gate-lag  time 
constant  (time  it  takes  for  the  drain  current  to  reach 
steady  state  after  the  PHEMT  is  pulsed  on)  is 
unchanged.  Notice  that  the  steady-state  drain  current 
remains  constant  which  is  why  no  discernable  change 


Fig.  5.  Repeated  drift  tests  of  another  PHEMT  after  RF 
interruptions  of  2,  4,  8. . .  128  min  under  an  ambient  tempera¬ 
ture  of  175°C.  The  recovery  rate  is  increased  when  compared 
with  the  room  temperature  tests  of  Fig.  4.  Full  recovery  is 
possible  within  approximately  1  h  at  175°C.  Bias,  match  and 
drive  conditions  are  the  same  as  in  Fig.  4. 


Fig.  6.  Same  as  Fig.  3  except  that  a  PHEMT  that  is  known  to 
suffer  from  power  drift  is  tested.  Notice  that  the  1  ps  current 
decreases  with  increasing  pulse  number  while  the  steady-state 
current  remains  the  same,  suggesting  that  power  drift  is  corre¬ 
lated  with  the  worsening  of  gate  lag  but  not  gate  lag  per  se. 

in  dc  characteristics  was  found.  In  comparison,  a 
stable  PHEMT  may  initially  exhibit  a  larger  or  smaller 
magnitude  of  gate  lag  than  a  drifting  PHEMT,  but  the 
gate-lag  magnitude  of  the  stable  PHEMT  will  remain 
constant  as  shown  in  Fig.  3. 

Power  slump  refers  to  gradual,  yet  steady  drop  in 
output  power  when  a  PHEMT  is  RF  over-driven  for 
hours  (Fig.  7).  The  change  in  output  power  is  associ¬ 
ated  with  change  in  dc  characteristics  such  as  drain 
current,  resistance,  and  breakdown  voltage  [5].  The 
rate  of  change  decreases  with  increasing  stress  time  but 
never  saturates.  Typically  with  storage  time  or  tem¬ 
perature  the  slumped  characteristics  will  not  recover. 


Fig.  7.  Relative  output  power  of  (■)  stable  and  (#)  slumped 
PHEMTs  under  RF  overdrive.  The  rate  of  slump  decreases 
with  increasing  stress  time  but  never  saturates.  Typically  with 
storage  time  or  temperature  the  slumped  characteristics  will 
not  recover,  at  least  not  completely.  When  the  RF  drive  is 
resumed,  the  output  power  will  continue  to  degrade  from  its 
previously  slumped  value.  By  contrast,  the  stable  PHEMT 
exhibits  even  a  small  amount  of  power  expansion  initially. 
Bias,  match  and  drive  conditions  are  the  same  as  in  Fig.  4. 
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Fig.  8.  Same  as  Fig.  6  except  the  off  time  is  increased  from  10 
to  500  ms  to  accelerate  power  slump.  In  this  case,  the  1  ps 
current  drifts  down  almost  instantly  but  the  steady-state  cur¬ 
rent  is  stable  until  it  starts  to  slump  toward  the  end  of  the 
test.  This  suggests  that  power  slump  may  in  fact  be  an 
advanced  stage  of  power  drift. 

at  least  not  completely.  When  the  RF  drive  is  resumed, 
the  output  power  will  continue  to  degrade  from  its  pre¬ 
vious  slumped  value.  Under  a  pulsed  I-V  test  similar 
to  that  of  Fig.  6  but  with  a  much  higher  stress  factor 
to  accelerate  power  slump,  the  steady-state  drain  cur¬ 
rent  eventually  begins  to  decrease.  This  suggests  that 
power  slump  may  in  fact  be  an  advanced  stage  of 
power  drift.  Meanwhile,  the  initial  drop  in  transient 
current  (at  1  ps)  due  to  power  drift  appears  to  be  in¬ 
stantaneous  over  such  an  accelerated  time  scale  (Fig. 
8).  Figs.  6  and  8  both  show  that  the  transient  current 
eventually  recovers  slightly  for  an  unknown  reason. 


3.  Screening  test  for  gate  lag,  power  drift,  and  power 
slump 

The  pulsed  I-V  test  illustrated  in  Figs.  3,  6,  and  8 


Fig.  9.  Schematic  illustration  of  the  pulsed  I-V  test  as  a  con¬ 
venient  screening  test  for  gate  lag,  power  drift,  and  power 
slump.  Power  drift  and  slump  are  indicated  by  changes  in 
transient  and  steady-state  drain  currents,  respectively,  while 
gate  lag  is  indicated  by  the  difference  between  the  transient 
and  steady-stated  drain  currents. 


Fig.  10.  PHEMT  cross  section  showing  the  location  of  (#) 
surface  states  and  (^)  passivation  traps  which  are  potential 
causes  for  gate  lag  and  power  drift/slump,  respectively. 


appears  to  be  a  convenient  screening  test  for  gate  lag, 
power  drift,  and  power  slump.  Power  drift  and  slump 
are  indicated  by  changes  in  transient  and  steady-state 
drain  currents,  respectively,  while  gate  lag  is  indicated 
by  the  difference  between  the  transient  and  steady-sta¬ 
ted  drain  currents.  These  quantities  are  indicated  in 
Fig.  9  for  a  hypothetical  composite  case.  Based  on  an 
RF  waveform  analysis  [7],  the  cumulative  stress  under 
such  a  pulsed  I-V  test  can  be  translated  into  the  stress 
actually  experienced  by  a  PHEMT  under  the  intended 
RF  operating  condition  with  its  associated  lifetime  pre¬ 
dicted. 

For  example,  a  PHEMT  gate  may  be  biased  at 
—0.5  V  while  its  drain  biased  at  4  V.  Under  an  RF 
drive,  the  gate  voltage  swings  from  -2  to  1  V  while 
the  drain  voltage  swings  from  1  to  7  V  (assuming  a 
voltage  gain  of  2).  Since  the  gate  and  drain  voltage 
swings  are  generally  out  of  phase,  the  greatest  stress 
occurs  when  the  gate  is  at  -2  Y  and  the  drain  is  at 
7  V.  In  this  case,  the  maximum  drain-gate  voltage  is 
9  V.  Under  a  pulsed  I-V  test,  the  gate  is  pulsed  to 
-4  V  while  the  drain  is  held  steady  at  5  V,  resulting  in 
a  stress  level  similar  to  that  under  the  RF  drive. 
However,  the  ‘duty  factor’  is  very  different  between  the 
RF  and  pulsed  cases.  The  drain-gate  voltage  may 
reach  9  V  only  0.5%  of  the  time  under  the  RF  drive 
but  50%  of  the  time  under  the  pulsed  I-V  test  (as  in 
the  cases  of  Figs.  4  and  8,  respectively).  Therefore,  we 
can  use  the  pulsed  I-V  stress  to  simulate  the  RF 
overdrive  stress  but  with  an  acceleration  factor  of  100. 
This  implies  that  a  PHEMT  which  exhibits  a  10% 
drop  in  transient  drain  current  after  10  s  of  pulsed  I-V 
test  will  likely  to  suffer  a  1  dB  drift  in  output  power 
after  15  min  of  RF  overdrive.  By  quickly  sampling  a 
few  PHEMTs  on  a  given  wafer  through  such  a  10  s 
pulsed  I-V  test  and  by  using  the  10%  drop  in  transient 
drain  current  as  the  pass-fail  criteria,  a  decision  can  be 
made  in  the  PHEMT  fabrication  line  whether  or  not 
the  wafer  warrants  further  processing,  dicing,  and 
packaging. 


J.C.  Hwang  j  Solid-State  Electronics  43  (1999)  1325-1331 


1329 


Table  1 

Surface-Related  Problems  of  PHEMTs 


Problem 

Time 

Cause 

Effect 

Recovery 

Impact 

Gate  lag 

Seconds 

Surface  states 

Transient  drain  current 

Yes 

Switching  speed 

Power  drift 

Minutes 

Passivation  charge 

Transient  drain  current 

Yes 

Power  control 

Power  slump 

Hours 

Passivation  charge 

dc  drain  current 

No 

PHEMT  lifetime 

4.  Mechanisms  for  gate  lag,  power  drift,  and  power 
slump 

Table  1  summarizes  the  main  characteristics  of  gate 
lag,  power  drift,  and  power  slump.  Although  they  all 
originate  from  charge  trapping  under  peak  drain-gate 
voltage  stress,  gate  lag  is  associated  with  surface  states 
while  power  drift  and  slump  are  associated  with  reco¬ 
verable  and  irrecoverable,  respectively,  charge  trap¬ 
pings  in  the  silicon-nitride  passivation  layer.  Fig.  10 
illustrates  the  location  of  surface  states  and  passivation 
traps.  Statically  both  surface  or  passivation  charges 
can  increase  the  depletion  width  (hence  drain  resist¬ 
ance)  and  their  effects  appear  to  be  indistinguishable. 
However,  dynamically  they  are  very  different  because 
surface  states  typically  have  orders  of  magnitudes  fas¬ 
ter  time  constants  than  passivation  traps. 

Gate  lag  has  long  been  attributed  to  surface  states 
between  the  gate  and  drain  [3].  However,  we  found 
recently  that,  depending  on  the  design  and  growth  of 
the  buffer  layer,  charge  carriers  can  also  be  trapped 
there  [8].  We  have  since  developed  a  pulsed  dynamic 
transfer  characteristics  technique  to  experimentally  dis¬ 
tinguish  surface  and  substrate  effects  [9].  Fig.  11  com¬ 
pares  the  transient  and  steady-state  dynamic  transfer 


Fig.  11.  Schematic  illustration  of  the  pulsed  dynamic  transfer 
characteristics  of  a  PHEMT  after  its  gate  is  pulsed  from  deep 
pinch  off  to  forward  bias.  (— )  Output  conductance  10  ps 
after  pulse  on.  ( — )  Output  conductance  when  the  PHEMT 
reaches  steady  state  after  it  was  pulsed  on.  (#)  Steady-state 
output  conductance  with  a  hypothetical  threshold  voltage 
shift.  Fgs(on)  =  -0.5  V.  Fgs(0ff)  =  —4  V.  Fdd  =  0.1  V.  Match  and 
drive  conditions  are  the  same  as  in  Fig.  4. 


characteristics  for  a  hypothetical  case  in  which  the 
maximum  channel  conductance  is  depressed  by  surface 
states  while  the  threshold  voltage  is  shifted  by  sub¬ 
strate  traps.  Using  this  technique,  we  conclude  that 
gate  lag  is  caused  by  surface  states  in  most  PHEMTs 
(Fig.  12a). 

The  dynamic  transfer  characteristics  of  Figs.  1 1  and 


-1.5  -1  -0.5  0  0.5 

GATE-SOURCE  VOLTAGE  (V) 


Fig.  12.  Pulsed  dynamic  transfer  characteristics  of  a  PHEMT 
(a)  before  and  (b)  after  power  drift.  The  dynamic  transfer 
characteristics  were  measured  at  ( — )  10  ps  and  ( — )  steady 
state  after  Fgs  was  pulsed  from  —4  to  —0.5  V.  In  (a),  the  peak 
transient  current  is  lower  than  the  peak  steady-state  current, 
indicating  that  gate  lag  is  caused  by  surface  states.  In  (b),  the 
peak  transient  current  is  much  lower  than  the  peak  steady- 
state  current,  indicating  that  gate  lag  is  worse.  The  peak 
steady-state  current  in  (b)  is  lower  than  that  in  (a)  which  indi¬ 
cates  power  drift.  Bias,  match,  and  drive  conditions  are  simi¬ 
lar  to  that  of  Fig.  1 1  except  Fdd  =  5  V. 
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12  are  based  on  instantaneous  RF  drain  currents  and 
gate  voltages  measured  at  900  MHz  by  using  a  novel 
pulsed  RF  waveform  measurement  technique.  With  the 
PHEMT  gate  biased  at  -4  V,  the  PHEMT  remains 
pinched  off  even  under  an  RF  overdrive.  With  the  gate 
bias  pulsed  to  -0.5  V  (for  a  period  of  990  ms),  the  RF 
drive  causes  the  gate  voltage  to  swing  repeatedly 
between  approximately  —1.5  and  0.5  V  and  the  drain 
current  to  swing  repeatedly  between  zero  and  approxi¬ 
mately  300  mA/mm.  In  Fig.  11a  very  small  drain  vol¬ 
tage  is  used  so  that  capacitive  loading  (displacement 
current)  is  insignificant  and  the  RF  current  vs  voltage 
loci  resemble  a  line.  In  Fig.  12  a  more  realistic  drain 
voltage  is  used  and  the  displacement  current  is  added 
to  the  conduction  current  so  that  the  RF  loci  resemble 
a  loop.  The  loop  is  traced  at  a  frequency  of  900  MHz 
or  over  a  period  of  approximately  1  ns.  It  should  not 
be  confused  with  hysteresis  over  a  time  scale  of  ms  or 
longer  which  may  be  observable  by  using  a  60  Hz 
curve  tracer.  By  using  the  pulsed  RF  waveform 
measurement  technique,  hysteresis  of  ps  or  longer  will 
not  affect  the  magnitude  of  looping  (if  there  is  any), 
but  will  shift  the  loop  up  or  down  as  shown  in  Fig.  12. 
Moreover,  similar  looping  occurs  even  at  steady  state 
(with  respect  to  gate  lag).  Notice  that  ‘transient’  and 
‘steady’  are  both  relative  to  a  certain  time  scale.  To  a 
large  extent  the  confusion  between  gate  lag,  power 
drift,  and  power  slump  is  caused  by  the  very  different 
time  scales  involved  and  the  limited  time  span  covered 
by  some  experiments. 

Fig.  12b  shows  that  power  drift  of  a  PHEMT  is  as¬ 
sociated  with  a  change  in  its  steady-state  dynamic 
transfer  characteristics,  keeping  in  mind  that  ‘steady 
state’  here  continues  to  imply  that  gate  lag  is  over  but 
power  drift  is  not  necessarily  stabilized.  It  can  be  seen 
that  after  drift  the  peak  drain  current  decreases,  but 
the  transconductance  and  threshold  voltage  remain  ap¬ 
proximately  the  same.  This  can  only  be  explained  by  a 
change  in  the  drain  access  resistance  since  changes  in 
the  source  access  resistance  or  any  other  channel  par¬ 
ameter  would  affect  the  transconductance  and/or  the 
threshold  voltage.  In  comparison  power  slump  results 
in  a  similar  change  in  characteristics  after  a  much 
longer  period  of  stress  and  it  has  not  been  observed  to 
be  recoverable.  While  power  slump  has  been  attributed 
to  the  permanent  charge  accumulation  in  the  passiva¬ 
tion,  the  recoverable  nature  of  power  drift  suggests  a 
temporary  charge  trapping  mechanism  in  the  passiva¬ 
tion. 

Through  measurements  performed  on  PHEMTs  and 
MIM  capacitors  we  propose  [10]  that,  driven  by  high 
electric  fields  associated  with  peak  drain-gate  voltages 
under  RF  overdrive,  a  gradual  accumulation  of 
trapped  charge  in  the  passivation  relaxes  the  peak  elec¬ 
tric  field  at  the  drain  edge  of  the  gate.  This  reduced 
field  in  turn  increases  the  surface-state  occupation 


(when  the  PHEMT  is  swung  to  the  off  state)  through 
decreased  electron  emission  and/or  hole  capture.  With 
an  increased  surface-state  occupation,  the  peak  RF 
current  of  the  PHEMT  (when  it  is  swung  back  on)  is 
reduced  due  to  increased  drain  resistance  hence  power 
drifts.  Such  an  indirect  mechanism  is  different  from 
that  of  power  slump.  In  power  slump  there  is  usually  a 
greater  amount  of  passivation  charge  that,  independent 
of  surface-state  occupation,  the  drain  access  resistance 
is  increased  directly  under  both  dc  and  RF  conditions. 

In  the  case  of  power  drift,  when  the  high  electric 
fields  are  removed  by  interrupting  the  RF  drive,  the 
trapped  charge  in  the  passivation  is  emitted  thermally 
and  power  capacity  gradually  recovers.  The  tempera¬ 
ture  dependence  of  the  recovery  of  drifted  PHEMT’s 
exhibits  an  Arrhenius  behavior  with  an  activation 
energy  in  the  range  of  1.4  +  0.4  eV  which  is  consistent 
with  the  reported  energies  for  the  K0  center  in  amor¬ 
phous  hydrogenated  silicon  nitride  [11]  and  is  much 
higher  than  0.4  +  0.1  eV  reported  for  the  surface  states 
[12].  This  is  further  evidence  that  power  drift  is  caused 
by  passivation  charges.  The  K0  center  has  been  associ¬ 
ated  with  a  dangling  Si  bond.  Plasma-deposited  silicon 
nitride  tends  to  be  Si  rich  hence  can  contain  many 
dangling  Si  bonds  except  most  of  them  are  passivated 
by  hydrogen.  Under  high  electric  field  hot  electrons  are 
generated  which  may  have  sufficient  energy  to  break  a 
Si-H  bond  thus  creating  a  new  K0  center.  Once  disso¬ 
ciated,  hydrogen  is  probably  in  the  form  of  a  proton. 
The  proton,  being  a  fast  diffuser,  may  outdiffuse  to  the 
ambient.  Otherwise,  two  protons  may  aggregate  and 
form  a  hydrogen  molecule  which  then  becomes  im¬ 
mobile.  Once  the  protons  outdiffuse  or  aggregate,  it 
will  be  difficult  to  recover  power  slump. 


5.  Conclusion 

Once  the  physical  mechanisms  are  understood,  it  is 
not  surprising  that  the  worsening  of  gate  lag  can  be  an 
indicator  of  power  drift,  while  power  drift  can  be  a 
precursor  for  power  slump.  However,  the  correlation 
between  gate  lag,  power  drift,  and  power  slump  is 
complicated.  This  is  because,  while  gate  lag  depends 
mainly  on  the  sensitivity  of  channel  conductance  to 
surface-state  occupation,  power  drift  depends  on  both 
the  channel-to-surface  sensitivity  and  the  rate  of  charge 
buildup  in  the  passivation.  Therefore,  a  PHEMT  with 
a  larger  gate  lag  will  not  necessarily  show  a  higher  ten¬ 
dency  to  drift.  Similarly,  while  power  drift  depends 
mainly  on  hydrogen  dissociation,  power  slump  depends 
on  both  hydrogen  dissociation  and  hydrogen  diffusion. 
Therefore,  a  PHEMT  with  higher  tendency  to  drift 
will  not  necessarily  slump  faster. 
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Abstract 

The  monolithic  integration  of  enhancement-  and  depletion-mode  high-electron  mobility  transistors  (E-  and  D- 
HEMTs)  suitable  for  high-speed  and  low  power  circuit  applications  in  the  lattice-matched  InP  material  system  is 
examined.  E-HEMT  devices  with  gate-lengths  of  0.25,  0.5  and  1.0  pm  fabricated  using  a  buried-Pt  gate  process 
demonstrate  threshold  voltages  (VT)  ranging  from  +200  to  +258  mV  and  maximum  extrinsic  transconductances 
(Smext)  as  high  as  800  mS  mm-1,  while  D-HEMT  devices  of  identical  gate-lengths  exhibited  a  VT  ranging  from 
—599  to  -405  mV,  and  a  gmext  as  high  as  578  mS  mm-1.  The  devices  showed  excellent  rf  characteristics,  exhibiting 
unity  current-gain  cutoff  frequencies  (/t)  as  high  as  106  GHz.  Based  on  these  results,  11,  23,  and  59  stage  ring 
oscillators  using  direct-coupled  FET  logic  (DCFL)  technology  were  fabricated  and  characterized.  Room  temperature 
propagation  delays  of  9.27  ps/stage  with  a  power-delay  product  of  2.37  fJ/stage  were  achieved.  ©  1999  Elsevier 
Science  Ltd.  All  rights  reserved. 


1.  Introduction 

The  monolithic  integration  of  enhancement-  and  de¬ 
pletion-mode  high-electron  mobility  transistors  (E-  and 
D-HEMTs)  lattice-matched  to  InP  is  of  considerable 
interest  in  the  area  of  low  power  and  high  speed  com¬ 
munication  systems.  Compared  to  circuits  employing  a 
traditional  D-HEMT  only  technology,  circuits  utilizing 
both  E-  and  D-HEMTs  have  several  advantages 
including  the  elimination  of  d.c.-level  shifting  stages 
which  consume  both  power  and  area.  Additionally,  an 
E/D  technology  allows  for  single  voltage  supply  oper¬ 
ation  which  can  be  quite  cumbersome  to  implement 
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using  only  D-HEMTs.  Heretofore,  a  process  for  the 
monolithic  integration  of  E-  and  D-HEMTs  was  not 
viable  due  to  the  modest  success  of  E-HEMT  devices 
in  the  lattice-matched  InP  material  system  [1]. 
However,  over  the  last  few  years,  several  groups  have 
achieved  E-HEMT  performance  by  using  a  buried-Pt 
gate  process  [2-6],  with  Mahajan  et  al.  [7,8]  demon¬ 
strating  a  process  for  the  fabrication  of  high-speed 
InAlAs/InGaAs/InP  E-HEMTs  suitable  for  circuit  ap¬ 
plications.  Using  a  novel  heterostructure  design 
coupled  with  a  buried-Pt  process,  E-HEMT  devices 
with  a  threshold  voltage  (VT)  of  +255  mV  and  a  unity 
current-gain  cutoff  frequency  (/t)  of  160  GHz  were 
demonstrated.  In  addition,  these  devices  exhibited  a 
maximum  frequency  of  oscillation  (/max)  of  over  200 
GHz  as  well  as  excellent  threshold  voltage  uniformity. 

In  this  work,  we  demonstrate  the  feasibility  of 
direct-coupled  FET  logic  (DCFL)  circuits  made  by  the 
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monolithic  integration  of  E-  and  D-HEMTs  in  the  lat¬ 
tice-matched  InP  material  system.  Discrete  devices 
with  gate-lengths  ranging  from  0.25  to  1.0  pm  are  fab¬ 
ricated  and  characterized.  Using  this  technology, 
DCFL  inverters  and  ring  oscillators  with  11,  23  and  59 
stages  are  fabricated  and  characterized  at  room  tem¬ 
perature. 


2.  Fabrication  and  characterization  of  monolithic  E-  and 
D-HEMTs 

2.1.  Heterostructure  material 

The  devices  were  fabricated  on  a  heterostructure 
grown  by  molecular  beam  epitaxy  (MBE)  on  a  semi- 
insulating  InP  substrate.  The  buffer  consists  of  a  200 
nm  layer  of  undoped  InAIAs  followed  by  a  20  nm 
undoped  InGaAs  channel.  A  3.5  nm  spacer  layer  of 
InAIAs  lies  on  top  of  the  channel  followed  by  a  Si  d- 
doping  plane,  a  12  nm  undoped  InAIAs  Schottky  bar¬ 
rier  layer,  and  a  pseudomorphic  1.5  nm  AlAs  etch-stop 
layer.  Another  10  nm- thick  InAIAs  layer  is  grown  on 
the  etch-stop  layer  followed  sequentially  by  a  1.5  nm 
AlAs  layer  and  an  n  +  InGaAs  cap  layer.  A  2-DEG 
concentration  of  1.2  x  1012  cm-2  and  an  electron 
mobility  of  10,000  cm 2/V  s  were  obtained  from  room- 
temperature  Hall  measurements. 

2.2.  Device  fabrication 

The  entire  monolithic  fabrication  process  was  im¬ 
plemented  using  electron-beam  (e-beam)  technology. 
For  the  fabrication  process,  both  the  mesa  isolation 
and  the  ohmic  levels  were  patterned  simultaneously  for 
the  E-  and  D-HEMTs.  Using  a  citric  acid-based  etch, 
device  isolation  was  achieved  by  etching  to  the  InAIAs 
buffer  layer.  Ohmic  level  was  then  formed  by  evaporat¬ 
ing  AuGe/Ni/Au  metallization  and  alloying  the  sample 
at  480°C  for  20  s  in  a  nitrogen  ambient  with  a  result¬ 
ing  contact  resistance  ( Rc )  of  0.15  Q  mm.  Mushroom¬ 
shaped  gates  for  the  E-HEMTs  were  then  patterned 
using  a  three-layer  resist  pattern.  The  same  highly 
selective  citric  acid-based  etch  was  used  to  etch  to  the 
bottom  AlAs  etch-stop  layer.  Following  a  dip  in  a 
diluted  solution  containing  HC1  to  remove  the  etch- 
stop  layer,  a  Pt/Ti/Pt/Au  gate  metallization  was  then 
evaporated  and  lifted  off.  The  metallization  scheme 
chosen  is  described  in  detail  in  [8].  A  60  s  buried-Pt 
gate-anneal  was  then  performed  in  a  nitrogen  ambient 
at  350°C  to  enhance  the  threshold  voltage  [2-8],  com¬ 
pleting  the  E-HEMT  fabrication  process.  D-HEMT 
gates  were  then  fabricated  by  etching  to  the  top  AlAs 
etch-stop  layer  using  the  citric  acid-based  etch.  A  Ti/ 
Au  gate  metallization  was  deposited  following  the 
removal  of  the  etch-stop  layer.  A  cross-sectional  view 


E-HEMT  D-HEMT 


Fig.  1.  Cross-sectional  diagram  of  integrated  E-  and  D-mode 
InP-based  HEMTs. 

of  the  completed  E-and  D-HEMT  devices  is  shown  in 
Fig.  1.  Using  this  method,  devices  with  gate  lengths  of 
0.25,  0.5  and  1.0  pm  were  fabricated  for  both  E-  and 


(a) 


Fig.  2.  Common  source  characteristics  for  0.25  pm  gate-length 
(a)  E-HEMT  where  the  gate  potential  is  swept  from  0  to  0.7 
V  in  steps  of  0. 1  V  and  (b)  a  D-HEMT  where  the  gate  voltage 
is  swept  from  —1  to  0  V  in  increments  of  0.1  V. 
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(a) 


(b) 


Fig.  3.  Transfer  chacteristics  for  0.25  pm  gate-length  (a)  E- 
HEMT  and  (b)  D-HEMT. 


Fig.  4.  Threshold  voltage  as  a  function  of  gate-length  for 
both  E-  and  D-HEMTs. 
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Fig.  5.  Unity  current-gain  cutoff  frequency  (/t)  as  a  function 
of  gate-length  for  the  E-HEMTs. 


D-HEMTs.  The  drain-to-source  (D-S)  spacing  for  all 
sub-micron  gate-length  devices  was  2  pm,  while  the  D- 
S  spacing  for  the  1 .0  pm  gate-length  device  was  3  pm. 

The  common-source  characteristics  of  a  typical  0.25 
pm  gate-length  E-  and  D-HEMT  device  are  shown  in 
Fig.  2(a)  and  (b),  respectively.  As  can  be  seen,  both 
devices  exhibit  excellent  pinchoff  characteristics  and  no 
significant  kink  effect  is  evident.  Fig.  3(a)  and  (b) 
shows  the  transfer  characteristics  of  both  the  0.25  pm 
gate-length  E  and  D-HEMT,  respectively.  Looking  at 
Fig.  3,  the  0.25  pm  gate-length  D-HEMT  device  exhi¬ 
bits  a  threshold  voltage  (FT)  of  —599  mV  and  a  maxi¬ 
mum  extrinsic  transconductance  (gmext)  of  577  mS 
mm-1,  while  the  0.25  pm  gate-length  E-HEMT  demon¬ 
strates  a  Vt  of  +200  mV  and  a  gmext  of  800  mS 
mm-1.  A  lower  gmext  for  the  D-HEMT  devices  is  due 
to  the  larger  gate-to-channel  distance  of  the  D-HEMTs 
as  compared  to  the  E-HEMTs.  Fig.  4  shows  Ft  as  a 
function  of  gate-length  for  both  the  D-  and  E- 
HEMTs.  For  the  D-HEMTs,  VT  ranges  from  -599 
mV  for  the  0.25  pm  gate-length  device  to  —405  mV  for 
the  1.0  pm  device,  while  for  the  E-HEMTs,  the  VT 
ranges  from  +200  mV  for  the  0.25  pm  gate-length 
device  to  +258  mV  for  the  1.0  pm  device. 

The  unity  current-gain  cutoff  frequency  (/t)  was 
measured  for  both  sets  of  devices  using  on-wafer  s-par- 
ameter  measurements,  and  the  results  for  the  E- 
HEMTs  are  displayed  in  Fig.  5  as  a  function  of  gate- 
length.  Examination  of  Fig.  5  shows  the  /t  for  the  E- 
HEMT  devices  ranging  from  31  GHz  for  the  1.0  pm 
gate-length  device  to  106  GHz  for  the  0.25  pm  gate- 
length  device.  Results  for  the  D-HEMT  devices  are 
nearly  identical. 
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Fig.  6.  Schematic  for  the  ring  oscillators. 


3.  DCFL  ring  oscillator  fabrication  and  characterization 

3.1.  Ring  oscillator  design  and  fabrication 

A  direct-coupled  FET  logic  (DCFL)  circuit  design 
was  employed  using  gate  lengths  of  0.25,  0.5  and  1.0 
pm.  DCFL  inverters  were  used  as  the  building  blocks 
for  the  ring  oscillators  and  the  D-HEMT  load  devices 
and  E-HEMT  driver  devices  were  fabricated  with 
widths  of  5  and  10  pm,  respectively.  Both  load  and  dri¬ 
ver  devices  were  of  the  same  gate-length.  The  ring  os¬ 
cillators  consisted  of  11,  23  and  59  stages  of  inverters 
and  a  three  stage  buffer  amplifier.  The  buffer  amplifier 
was  used  so  as  not  to  load  the  output  signal  of  the 
ring  oscillator  with  the  measurement  equipment.  The 
circuit  schematic  of  the  complete  ring  oscillator  with 
the  buffer  is  shown  in  Fig.  6.  As  can  be  seen  from  Fig. 
6,  two  separate  power  supplies  (Fddl  and  Fdd2)  are 
used  in  the  circuit  to  enable  the  direct  measurement  of 
the  dissipated  power  of  the  ring  oscillator.  Identical 
voltages  are  applied  to  both  supplies,  but  one  supply, 
Fddl,  is  used  for  the  oscillator,  while  the  other,  Kdd2,  is 
used  for  the  buffer  amplifier.  Total  transistor  count  for 
the  11,  23,  and  59  stage  ring  oscillator  circuits  are  28, 
52,  and  124  devices,  respectively. 

The  process  for  the  fabrication  of  the  ring  oscillator 
is  similar  to  the  fabrication  process  described  earlier 
for  the  E-  and  D-HEMTs.  Mesa  and  ohmic  levels  were 
fabricated  simultaneously  for  both  the  E-HEMT  dri¬ 
vers  and  D-HEMT  loads.  Following  the  ohmic  pro¬ 
cess,  E-HEMT  gates  and  the  first  level  of  interconnects 
were  patterned  using  the  Pt/Ti/Pt/Au  metallization 
sequence  described  earlier.  The  sample  was  then 
annealed  at  350°C  for  60  s  in  a  nitrogen  ambient  to 
increase  the  threshold  voltage  of  the  E-HEMTs.  D- 
HEMT  gates  were  then  fabricated  using  a  Ti/Au  gate 
metallization  sequence.  The  PECVD  deposition  of  200 
nm  of  followed  by  a  contact-hole  etching  and  a 
second  level  of  interconnect  metal  completed  the  ring 


Fig.  7.  Die  photo  of  the  completed  23  stage  ring  oscillator. 


oscillator  fabrication.  A  photograph  of  a  completed  23 
stage  ring  oscillator  is  shown  in  Fig.  7. 

3.2.  Ring  oscillator  results  and  discussion 

Fig.  8  shows  the  output  spectrum  of  a  23  stage  ring 
oscillator  fabricated  with  0.25  pm  gate-length  devices, 
operating  at  room  temperature,  with  a  supply  voltage 
of  0.4  V.  From  Fig.  8  a  fundamental  frequency  of  os¬ 
cillation  (/o)  of  2.37  GHz  is  observed.  The  propagation 
delay  per  stage  (rpd)  can  be  related  to  /0  by  the  simple 
expression  /pd  =  (2rc/0)-1,  where  n  is  the  number  of 
stages,  23  in  this  case.  Using  this  relationship,  a  /pd  of 


Fig.  8.  Spectrum  of  output  of  23  stage  0.25  pm  gate-length 
ring  oscillator  with  Kdd  =  0.4V. 
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Fig.  9.  (a)  tpd,  (b)  PD  and  (c)  PDP  as  a  function  of  supply 
voltage  for  1.0,  0.5  and  0.25  pm  gate-length  inverters. 


9.27  ps/stage  is  observed.  Fig.  9(a-c)  shows  delay/stage 
(tpd),  power  dissipation/stage  (PD),  and  power-delay 
product  (PDP)  as  a  function  of  supply  voltage  each  of 
the  three  gate-lengths,  respectively.  From  Fig.  9  it  is 
observed  that  tpd  for  the  DCFL  inverters  ranges  from 
27,  16.5,  and  11.6  ps  at  1.2  V  of  supply  voltage  to 
25.4,  13.3  and  9.3  ps  at  a  supply  voltage  of  0.4  V,  for 
the  1.0,  0.5  and  0.25  pm  gate-length  inverters,  respect¬ 
ively.  These  values  compare  well  when  compared  to 
tpds  from  other  DCFL  technologies,  in  which  a  room 
temperature  tpd  of  23  and  22.3  ps/stage  were  demon¬ 


strated  for  a  1.2  pm  gate-length  InGaAs/InAlAs/InP 
HIGFET  process  [9]  and  a  0.15  pm  gate-length 
InGaP/InGaAs/GaAs  p-HEMT  process  [10],  respect¬ 
ively.  From  Fig.  9(b)  it  is  noted  that  PD  increases  line¬ 
arly  with  supply  voltage  for  all  three  gate-length 
oscillators.  At  a  supply  voltage  of  0.4  V,  PD  is  0.17, 
0.20,  and  0.26  mW,  and  increases  to  1.29,  1.67  and 
1.70  mW  at  a  supply  voltage  of  1.2  V,  for  the  1.0,  0.5 
and  0.25  pm  gate-length  inverters,  respectively.  PDP, 
shown  in  Fig.  9(c),  increases  with  supply  voltage.  At 
0.4  V,  PDP’s  of  4.36,  2.66  and  2.37  fJ/stage  are 
observed  for  the  1.0,  0.5  and  0.25  pm  gate-length 
inverters. 


4.  Conclusion 

The  monolithic  integration  of  enhancement-  and  de¬ 
pletion-mode  high-electron  mobility  transistors  (E-  and 
D-HEMTs)  in  the  lattice-matched  InAlAs/InGaAs/InP 
material  system  has  been  accomplished.  Discrete 
HEMTs  with  gate-lengths  ranging  from  0.25  to  1.0  pm 
were  fabricated  and  characterized.  Using  a  buried-Pt 
gate  process,  E-HEMTs  exhibited  threshold  voltages 
(Kt)  ranging  from  +200  to  +258  mV  and  maximum 
extrinsic  transconductances  (gmext)  as  high  as  800  mS 
mm-1,  while  D-HEMT  devices  of  identical  gate- 
lengths  exhibited  a  VT  ranging  from  —599  to  —405 
mV,  and  a  gmext  as  high  as  578  mS  mm-1.  The  devices 
showed  excellent  rf  characteristics,  exhibiting  unity  cur¬ 
rent-gain  cutoff  frequencies  (/t)  of  106  GHz  for  the 
0.25  pm  E-HEMT  device.  Based  on  these  results,  11, 
23  and  59  stage  ring  oscillators  using  direct-coupled 
FET  logic  (DCFL)  technology  were  fabricated  and 
characterized.  At  room  temperature,  with  a  supply  vol¬ 
tage  of  0.4  V,  propagation  delays  of  9.27  ps/stage  and 
a  power-delay  product  of  2.37  fJ/stage  were  achieved. 
These  results  approach  the  speed  of  D-mode  only  cir¬ 
cuits,  but  at  much  lower  power. 
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Abstract 

Drain-conductance  frequency  dispersion  in  GaAs/AlGaAs  heterojunction  FETs  is  suppressed  by  a  partially 
depleted  /7-layer  between  the  channel  and  the  semi-insulating  substrate.  Though  the  /7-layer  is  electrically  floating, 
the  electrical  potential  of  the  layer  is  stabilized  to  the  source  voltage  by  minimized  capacitive  coupling  with  the 
drain  electrode,  while  at  low  frequencies  the  potential  is  fixed  to  the  source  voltage  by  the  resistive  balance  of  two 
pn  junctions  at  each  end  of  the  layer.  Thus,  the  /7-layer  acts  as  a  grounded  shielding  layer.  Though  the  effective 
drain  voltage  region  is  limited  by  drain  /7-layer  depletion  at  low  voltage  and  by  avalanche  breakdown  (kink  effect)  at 
high  voltage,  this  structure  will  enable  to  suppress  the  substrate  deep  trap  problems  in  some  GaAs  FET 
circuits.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Heterojunction  FETs  have  excellent  high-speed  per¬ 
formance  compared  with  ion  implanted  MESFETs, 
and  are  promising  for  use  in  integrated  circuits  for 
high-speed  optical  communication  systems.  However, 
the  frequency  dispersion  and  the  drain-lag,  which 
appear  to  have  a  common  origin,  have  created  serious 
problems  that  prevent  the  digital  application  of  hetero¬ 
junction  FETs,  in  that  they  cause  what  is  called  the 
mark-ratio  effect,  which  degrades  the  phase  margins  in 
high  bit-rate  operations.  This  is  due  to  a  small  vari¬ 
ation  in  the  rise  and  fall  times  of  the  switching  circuit 
caused  by  the  charged  state  in  deep  traps  within  the 
crystal.  The  variation  may  be  small,  but  the  effect 
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causes  erroneous  signals  in  high-speed  circuits  when 
the  clock  cycle  is  close  to  the  device  transit  time. 

Deep  traps  located  in  the  epitaxial  layer  and  sub¬ 
strate  interface  or  in  the  substrate  itself  cause  the 
mark-ratio  effect.  In  power  FETs,  the  main  origin  of 
frequency  dispersion  may  be  surface  states  [1]  in  the 
ungated  region  which  is  located  between  the  gate  and 
drain  to  enable  a  high  breakdown  voltage.  For  digital 
applications,  however,  self-aligned  structures  are  used, 
to  avoid  parasitic  resistance,  so  there  is  no  similar 
ungated  region.  However,  contamination  from  oxygen 
and  carbon  is  commonly  observed  at  the  substrate/epi- 
taxial-layer  interface  of  an  MBE-grown  layer,  and  this 
contamination  can  also  cause  frequency  dispersion  or 
drain-lag.  Even  if  interface  contamination  is  avoided, 
deep  traps  in  the  semi-insulating  substrate  will  cause 
the  same  problems  [2]. 

For  MESFETs,  a  buried  /7-layer  has  been  introduced 
to  suppress  the  short-channel  effects  [3,4].  The  buried 
/7-layer  does  not  necessarily  suppress  the  frequency  dis- 
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Fig.  1 .  Schematic  explanation  of  trap  shield  model  with  a  floating  /7-layer,  (a)  Drain  voltage  is  low  and  the  /7-layer  is  not  depleted. 
The  /7-region  voltage  fluctuates  with  the  drain  voltage;  (b)  Drain  voltage  is  high  enough  to  enable  /7-layer  depletion.  The  /7-layer  vol¬ 
tage  is  stable  at  the  source  voltage  used  in  this  experiment;  (c)  Circuit  model  representation  of  the  /7-region  voltage  fluctuation. 


persion  [5],  but  such  anomalies  can  be  suppressed  by  a 
/7-well  structure  on  a  GaAs  MESFET  [6],  where  the 
conductive  /7-well,  whose  potential  is  grounded  through 
a  /7-well  contact,  screens  the  deep  traps  under  the  well. 
The  disadvantage  of  this  structure  is  that  it  requires 


additional  process  steps  and  a  large  chip  area  to  form 
a  contact  to  the  well.  Even  if  such  disadvantages  are 
tolerable,  the  same  structure  is  extremely  difficult  to 
use  in  a  heterojunction  FET  because  selective  doping 
by  ion  implantation  cannot  be  applied  since  the  ther- 


Y.  Ohno  et  ah  /  Solid-State  Electronics  43  ( 1999)  1339-1345 


1341 


mal  annealing  would  degrade  the  modulation-doped 
layer. 

In  this  paper,  we  propose  an  FET  structure  where 
the  substrate  deep-trap  effect  in  a  heterojunction  FET 
is  suppressed  by  a  floating  /7-layer.  This  structure 
requires  no  additional  process  steps  or  chip  area,  and 
does  not  lower  the  high-frequency  performance.  We 
have  experimentally  verified  the  validity  of  the  under¬ 
lying  theory  by  testing  FETs  with  a  theoretically 
designed  /7-type  buffer  layer. 


2.  Problems  in  trap  shielding  with  a  /7-layer 

When  a  conducting  /7-layer  is  placed  between  the 
channel  and  trap  regions  and  the  electric  potential  of 
the  /?-layer  is  fixed,  the  channel  is  shielded  from  the 
trap-charge  effect.  However,  this  structure  requires  an 
additional  fabrication  process  to  make  an  electric  con¬ 
tact  to  the  /7-layer.  In  addition,  the  overlap  between 
the  drain  and  the  /7-layer  forms  an  additional  parasitic 
capacitance  between  the  drain  and  the  source,  which 
will  degrade  the  high-speed  performances  of  the  FET. 

To  avoid  these  disadvantages,  the  /7-region  is  nor¬ 
mally  left  electrically  floating.  This  configuration  is 
popular  in  silicon  SOI  MOSFETs.  In  terms  of  the  DC 
characteristics,  the  floating  /?-layer  improves  the  FET 
performance,  for  example,  by  suppressing  the  short 
channel  effect  and  enabling  good  saturation  character¬ 
istics.  This  is  because  the  /7-region  potential  is  fixed  to 
the  source  voltage  even  in  such  a  symmetrical  structure 
by  the  resistive  balance  between  two  pn-diodes:  the 
forward-biased  source  diode  and  the  reverse-biased 
drain  diode  (Fig.  1  a). 

However,  if  the  drain  voltage  is  modulated  at  a  high 
frequency,  the  /7-region  voltage  will  also  vary  with  the 
drain  electrode  voltage  due  to  the  capacitive  coupling. 
Expressing  the  capacitance  between  the  source  and  the 
/7-region  as  CPS,  that  between  the  drain  and  the  p- 
region  as  CPD,  and  the  drain  voltage  variation  as  SV D, 
the  /?-region  voltage  fluctuation  SV?  can  be  expressed 
as, 


SV P  = 


CpD 


Cps  +  Cpd 


SVD. 


(1) 


Then,  the  drain  current  will  be  modulated  according  to 
the  variation  of  the  /7-region  voltage  as, 

Sip  =  GmbSVp,  (2) 


where  GMB  is  the  virtual  backgate  transconductance 
which  is  mainly  determined  by  the  distance  between 
the  channel  and  the  /7-region.  Fig.  1(c)  is  a  circuit  rep¬ 
resentation  of  this  model. 

When  the  modulation  frequency  is  low  enough,  the 
voltage  change  due  to  the  capacitive  coupling  is  stabil- 


Table  1 

Epitaxial  layer  structures  used  in  the  experiment 


Layer 

Thickness  (nm) 

Dopant 

Concentration  (cm  3) 

(a)  Conventional  buffer  (/-buffer) 

1018 

«-GaAs 

300 

Si 

1  X 

77-AlAs 

2 

Si 

2  x 

1018 

«-Alo.2GaAs 

35 

Si 

2  x 

1018 

/-Ino.isGaAs 

15 

— 

i-G  aAs 

500 

Semi-insulating  substrate  (LEC) 

(b)  New  structure  with  /7-layer  (/7-buffer) 

1018 

77-GaAs 

300 

Si 

1  X 

«-AlAs 

2 

Si 

2  x 

1018 

«-Al0.2GaAs 

35 

Si 

2  x 

1018 

/-Ino.isGaAs 

15 

— 

1018 

n-GaAs 

13 

Si 

1  X 

/-  GaAs 

40 

— 

/7-GaAs 

20 

Be 

1  X 

1018 

/-GaAs 

500 

Semi-insulating  substrate  (LEC) 

ized  by  the  leakage  current  through  the  source  and 
drain  junction  diodes.  The  critical  frequency  is  deter¬ 
mined  by  the  /7-region  capacitance  and  the  resistance 
of  the  diode  leakage.  For  a  frequency  above  the  critical 
frequency,  the  drain  voltage  determines  the  /7-region 
voltage  variation,  which  modulates  the  drain  current. 

The  difference  of  drain  conductance  AGE  between 
the  high  and  the  low  frequencies  is  given  as, 


AGd  = 


SID 

SVp 


Sip  SV p  _  GPp 
SVp  SVp  ~  MB  Cps  +  CPD 


(3) 


Since  CPs  and  CPD  are  nearly  the  same  due  to  the 
symmetrical  structure  of  conventional  FETs,  CPD  / 
(CPs+  CPD)  will  be  close  to  0.5.  In  addition,  the  p- 
region  should  be  located  relatively  close  to  the  channel 
due  to  the  epitaxial  layer  thickness  limitation,  so  the 
floating  /7-region  will  cause  a  large  dispersion  [7]. 

However,  if  we  can  assume  that  CPD  is  zero  in  Eq. 
(3),  the  dispersion  will  become  zero.  This  concept  is 
reasonable,  because  the  /7-region  voltage  is  not  modu¬ 
lated  by  drain-voltage  variation,  but  is  fixed  to  the 
source  voltage  by  the  stronger  capacitive  coupling  with 
the  source  electrode.  Thus,  the  /7-region  voltage  is  fixed 
to  the  source  voltage  at  high  frequencies  as  well  as 
under  DC  operation. 


3.  Design  and  fabrication  of  the  partially  depleted  p- 
layer 

Such  a  structure  is  almost  impossible  to  realize  for 
FETs  with  epitaxial  channel  layers.  Selective  formation 
of  a  buried  /?~region  under  the  drain  region  is  imposs- 
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DRAIN  VOLTAGE  (V) 

Fig.  2.  Calculated  sheet  hole  concentration  in  the  new  epitax¬ 
ial  structure  as  a  function  of  drain  voltage.  The  channel  elec¬ 
tron  concentration  is  also  shown. 


ible  because  of  the  defect  formation  that  will  result 
from  ion  implantation.  Channel  layer  regrowth  after 
selective  /7-region  formation  is  possible,  but  the  align¬ 
ment  of  the  drain  edge  and  the  /7-region  will  still  be  a 
problem. 

We  have  designed  a  /?-layer  which  will  self-deplete 
when  drain  voltage  is  applied.  When  the  drain  voltage 
is  increased,  both  the  /7-region  and  the  drain  n  + -region 
are  depleted  of  carriers.  If  the  /7-region  concentration, 
thickness,  and  depth  are  properly  designed,  the  p- 
region  under  the  drain  n  + -region  will  be  completely 
depleted  at  higher  than  a  certain  drain  voltage  (Fig. 
1(b)).  We  call  this  critical  drain  voltage  FDEP.  Above 
this  voltage,  the  capacitance  between  the  drain  and  the 
p-region,  except  for  the  edge  capacitance  eventually 
disappears. 

Table  1  shows  the  epitaxial  layer  structures  we  used 
for  the  experimental  heterojunction  FETs.  To  maintain 
a  threshold  voltage  close  to  that  of  a  conventional 
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DRAIN  VOLTAGE  (V) 

Fig.  3.  7D-KD  characteristics  of  the  FETs.  (a)  FET  with  an  i- 
type  buffer  layer;  (b)  FET  with  a  /7-type  buffer  layer. 

FET,  an  77-type  layer  was  inserted  below  the  InGaAs 
channel. 

Fig.  2  shows  our  one-dimensional  simulation  results 
for  the  sheet  hole  concentration  in  the  /7-buffer  layer  as 


Table  2 

FET  fabrication  process 


Step 

Conditions 

1  Isolation  implantation 

Boron:  1  x  10,3cm"2  (50  keV)+l  x  10,3cm_2(160  keV) 

2  Gate  recess  etching 

Citric  Acid  +  H202  (5°C) 

3  Gate  metal 

Ti/Pt/Au  (lift-off) 

4  Ohmic  contact 

AuGe/Ni/Au  (Lift-off) 

5  Alloy  annealing 

N2,  450°C,  spike 

6  Passivation 

CVD  Si02 

7  Contact  etching 

Buffered  HF 

8  Wiring 

Ti/Pt/Au  (lift-off) 
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Fig.  4.  Comparison  of  Gds  at  1  and  100  kHz  as  function  of 
drain  voltage,  (a)  FET  with  an  /-type  buffer  layer;  (b)  FET 
with  a  /?-type  buffer  layer.  An  arrow  indicates  the  voltage  at 
which  the  high-frequency  Gds  falls  drastically. 

a  function  of  the  surface  «-layer  voltage,  which  corre¬ 
sponds  to  the  drain  electrode  voltage.  The  p- type  layer 
voltage  was  kept  at  zero  by  making  the  hole  quasi- 
Fermi  level  zero  volts.  Curves  are  shown  for  three 
different  /7-layer  thicknesses,  which  give  different  values 
KDEP.  We  chose  0.7  V  for  KDEP  (a  thickness  of  20  nm) 
in  this  design.  For  practical  applications,  KDEP  should 
be  as  low  as  possible  to  lower  operation  the  voltage 
and  expand  the  dynamic  range.  However,  an  exces¬ 
sively  low  Kdep  may  lead  to  insufficient  shielding 
under  the  channel.  In  addition,  to  maintain  a  finite 
CpS,  the  /7-layer  under  the  source  should  not  be 
deplete,  so  control  of  the  /7-region  concentration  and 
thickness  will  become  difficult  at  very  low  values  of 
V-o  ep- 
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Fig.  5.  Frequency  dependency  of  Gds-  Since  the  bias  was 
applied  through  a  50Q  resistor,  VD  was  determined  by  sub¬ 
tracting  the  voltage  drop  at  the  resistor,  (a)  FET  with  an  i- 
type  buffer  layer;  (b)  FET  with  a  /7-type  buffer  layer. 

The  wafers  were  prepared  by  MBE  with  Be  as  the  p- 
layer  dopant.  The  FETs  were  made  by  wet-etching  and 
lift-off  processes  only  to  avoid  damage  during  the 
plasma  processes.  For  the  selective  etching  of  the  cap 
layer,  a  thin  AlAs  layer  was  formed  on  the  AlGaAs 
layer.  The  details  of  the  fabrication  process  are  listed 
in  Table  2.  The  shortest  gate  length  where  the  FETs 
could  operate  was  0.7  pm,  and  FETs  with  a  channel 
length  of  1.0  pm  were  measured.  The  total  width  of 
two  FETs  in  combination  was  100  pm. 


4.  Measurement  results 

Fig.  3  shows  the  DC  I-V  characteristics  of  the  FETs. 
The  of  both  FETs  was  300  mS/mm.  Compared 


1344 


Y.  Ohno  et  al.  /  Solid-State  Electronics  43  (1999)  1339-1345 


with  the  conventional  /-buffer  FET,  the  /7-buffer  FET 
showed  better  saturation  characteristics,  but  also 
showed  a  severe  kink  effect  at  high  drain  voltages.  In 
both  cases,  this  was  due  to  the  extremely  shallow  p- 
layer.  The  shallower  the  /7-layer  is,  the  more  effectively 
the  short  channel  effects  are  suppressed,  but  once  the 
/7-layer  voltage  drifts,  a  large  drain  current  variation 
occurs  due  to  the  high  virtual-backgate  GM. 

Fig.  4(a)  shows  the  drain  conductance  measured 
with  small  AC  signals  at  1  Hz  and  100  kHz.  There  is  a 
constant  difference  between  the  two  curves  in  the  sat¬ 
uration  region  (0.5-1. 5  Y).  Such  a  frequency-dispersion 
is  common  for  heterojunction  FETs  on  semi-insulating 
substrates.  The  small  hump  at  about  1.6  V  was  due  to 
the  kink  effect.  The  kink  effect  also  causes  frequency 
dispersion,  leading  to  higher  conductance  at  low  fre¬ 
quencies,  because  the  current  increases  after  avalanche 
holes  accumulate  near  the  source  region.  This  effect 
may  be  slow  since  the  hole  generation  is  not  intensive. 
Fig.  5(a)  shows  the  frequency  dependence  of  GDS  for 
the  /-buffer  FET.  The  transition  occurs  through  the 
entire  1  Hz-100  kHz  range,  which  indicates  that  differ¬ 
ent  types  of  traps  are  related  to  the  dispersion. 

Fig.  4(b)  compares  the  1-Hz  and  100-kHz  drain  con¬ 
ductance  for  the  /7-buffer  FET.  There  was  a  large  dis¬ 
persion  below  1  V  due  to  the  high  GM  caused  by  the 
shallow  /7-Iayer  acting  as  a  backgate.  However,  the  dis¬ 
persion  fell  drastically  at  around  1  V,  and  the  dis¬ 
persion  continues  to  be  low  up  to  the  voltage  where 
the  kink  effect  begins.  Fig.  5(b)  shows  the  frequency 
dependence  of  GDS  in  the  low  dispersion  region.  The 
curve  shows  a  sharp  transition  corresponding  to  a 
single  time  constant.  As  explained  above,  the  critical 
frequency  is  determined  by  the  capacitance  CPD  and 
the  leakage  through  the  pn  diodes.  Due  to  the  small 
leakage  of  the  pn  reverse  diode,  the  frequency  is  rela¬ 
tively  low.  The  drain  voltage  of  1.0  V,  at  which  the 
dispersion  fell  sharply,  corresponded  to  the  FDEP 
measured  from  the  C-V  data  of  a  large-area  FET  on 
the  same  wafer. 

In  this  experiment,  the  drain  voltage  region  where 
the  frequency  dispersion  was  suppressed  was  relatively 
small.  In  an  SCFL  circuit  used  for  digital  applications, 
the  operating  voltage  can  be  between  0.5- 1.5  V,  which 
is  attainable  if  the  /7-layer  is  properly  grown.  From 
Fig.  4(b),  the  suppression  of  the  dispersion  seems  very 
effective,  but  comparing  Fig.  5(a)  and  (b)  suggests  that 
the  absolute  value  of  the  dispersion  is  still  at  a  finite 
value.  We  need  to  further  optimize  the  position  and 
concentration  of  the  /7-layer.  In  the  present  FETs,  we 
implanted  boron  into  the  /7-layer  to  separate  the  FETs. 
Preserving  the  connection  to  the  /7-regions  under  adja¬ 
cent  FETs  will  help  stabilize  the  /7-region  potential. 

As  for  the  high-frequency  characteristics,  the  ad¬ 
ditional  parasitic  capacitance  CPd  will  be  eliminated 
above  FDEP,  so  we  do  not  expect  any  performance 
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Fig.  6.  Cutoff  frequency  and  maximum  oscillation  frequency 
as  functions  of  drain  voltage  for  the  two  FETs.  (a)  cut-off  fre¬ 
quency;  (b)  maximum  oscillation  frequency. 


degradation.  Fig.  6  shows  that  both  fT  and  /max 
increased  as  the  drain  voltage  increased  for  the  /7-buffer 
FET.  This  was  due  to  the  variation  in  CPD  caused  by 
the  drain  voltage.  For  a  sufficiently  high  drain  voltage 
(2  V  or  higher),  the  high-frequency  characteristics 
appear  unlikely  to  be  degraded  by  the  insertion  of  the 
/7-layer. 


5.  Conclusion 

We  have  confirmed  that  the  deep  trap  effect  from 
the  substrate  can  be  blocked  by  a  floating  /7-region  if 
the  holes  are  depleted  from  the  drain  region.  In  this 
situation,  the  capacitive  coupling  between  the  /7-region 
and  the  drain  is  minimized  and  the  /7-region  voltage  is 
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stabilized  to  the  source  voltage  by  the  p-region  and  the 
source  capacitance  at  high  frequencies.  For  DC  and 
low-frequency  signals,  the  p-region  voltage  is  stabilized 
at  the  source  voltage  because  the  resistance  of  the 
source  pn  diode  is  lower  than  that  of  the  diode  at  the 
drain,  since  the  source-side  diode  bias  is  a  forward  bias 
while  that  of  the  drain-side  diode  is  a  reverse  bias. 

This  structure  requires  no  extra  process  steps  or  ad¬ 
ditional  chip  area.  Only  the  precisely  controlled  p-layer 
is  needed  in  the  epitaxial  layer.  In  this  experiment,  we 
used  a  very  shallow  p-layer  to  provide  a  shield  for  the 
channel.  However,  this  caused  a  severe  kink  effect, 
which  is  another  source  of  frequency  dispersion. 
Further  optimization  is  necessary. 

In  the  development  of  a  high-speed  digital  IC,  we 
found  that  MESFET  ICs  with  a  buried  p-layer  showed 
no  mark-ratio  effect.  The  mechanism  of  the  suppres¬ 
sion  is  not  yet  clear,  but  we  speculate  that  a  similar  ca¬ 
pacitance  configuration  may  be  beneficial  in 
MESFETs.  Using  this  structure,  stable  high-speed  digi¬ 
tal  ICs  on  heterojunction  FETs  will  be  attainable. 
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Abstract 

A  new  method  for  evaluation  of  surface  recombination  in  heterojunction  bipolar  transistors  (HBTs)  employing 
magnetotransport  is  reported.  A  new  model  which  describes  the  motion  of  electrons  in  the  base  was  developed  on 
the  basis  of  a  diffusion  equation  in  a  magnetic  field.  It  was  shown  experimentally  and  analyzed  by  this  model  that 
the  magnetic  force  vertical  to  the  emitter/base  junction  modified  the  electron  path  and  suppressed  the  diffusion  of 
electron  to  the  extrinsic  base  surface  where  surface  recombination  took  place.  As  a  result,  the  surface  recombination 
current  was  decreased  and  the  current  gain  was  increased.  The  present  method  was  applied  to  an  AIGaAs/GaAs 
HBT  with  a  base  doped  with  C  at  5  x  1019  cm"3.  The  surface  recombination  velocity,  relaxation  time,  and  mobility 
of  electrons  in  the  base  were  estimated  without  any  reference  samples  to  be  1  x  107  cm/s,  40  ps,  and  2130  cm2/Vs, 
respectively,  which  are  in  a  good  agreement  with  recent  data.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Heterojunction  bipolar  transistors  (HBTs)  with  III— 
V  compound  semiconductors  have  attracted  consider¬ 
able  attention  for  their  high-frequency  performance. 
Among  them,  Npn  HBTs  with  a  GaAs  base  and  an 
AlGaAs  emitter  grown  on  a  GaAs  substrate  have  been 
the  most  widely  studied  and  developed.  However,  it  is 
well  known  that  GaAs  has  a  high  surface  recombina¬ 
tion  velocity  and  that  surface  recombination  at  the 
extrinsic  base  region  close  to  the  emitter  mesa  signifi¬ 
cantly  degrades  the  current  gain.  This  degradation  is 
pronounced  for  small  devices  with  a  large  perimeter- 
to-area  ratio  of  the  emitter  since  the  surface  recombi¬ 
nation  current,  which  dominates  in  the  base  current,  is 
proportional  to  the  emitter  perimeter  length  [1].  It  has 
been  recognized  that  the  ideality  factor  of  the  surface 
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recombination  current  is  closer  to  unity  than  2  if  the 
HBTs  operate  in  a  high  collector  current  density  and 
the  surface  recombination  velocity  is  sufficiently  high 
[2,3].  These  conditions  break  down  the  assumptions  by 
Henry  et  al.  that  the  ratio  of  holes  to  electrons  at  the 
surface  is  constant  and  the  quasi-Fermi  levels  between 
the  bulk  and  the  surface  are  flat,  which  result  in  an 
ideality  factor  of  2  [4].  Therefore,  the  surface  recombi¬ 
nation  current  cannot  be  neglected  even  in  a  high  col¬ 
lector  current  density  where  the  HBTs  prove  their 
high-speed  performance.  The  introduction  of  a  thin 
depleted  layer  with  a  wide  band-gap  and  a  low  surface 
recombination  velocity  onto  the  extrinsic  base  is  a 
promising  solution  [5-7].  A  variety  of  methods  have 
also  been  developed  to  evaluate  surface  recombination 
at  the  GaAs  surface.  Most  of  these  methods  are  based 
on  optical  measurement  or  electrical  measurement.  The 
former  requires  a  specially  designed  structure  which  is 
apparently  different  from  the  HBT  to  obtain  a  suffi¬ 
cient  intensity  of  photoluminescence  signals  [8],  as  in 
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Fig.  1.  Schematic  illustration  of  one  half  of  base  region. 


the  case  for  the  study  of  other  minority  carrier  charac¬ 
teristics  [9,10].  The  latter  is  applicable  to  the  HBT 
structure;  however,  reference  samples  with  different 
surface  structures  or  with  the  same  layer  structure  but 
different  perimeter-to-area  ratios  are  needed  [1,3, 5, 7]. 
In  this  sense,  it  has  been  difficult  to  evaluate  surface 
recombination  for  an  HBT  by  itself. 

Magnetotransport  in  HBTs  was  first  employed  by 
Nottenburg  et  al.  for  the  study  of  electron  transport  in 
InAlAs/InGaAs  HBTs  which  exploit  nonequilibrium 
transport  due  to  a  discontinuity  in  the  conduction 
band  at  the  emitter/base  junction  [11].  Betser  et  al.  has 
successfully  utilized  magnetotransport  to  measure  the 
mobility  of  electrons  in  the  base  of  an  InP/InGaAs 
HBT  [12].  In  their  work,  the  magnetic  field  was  applied 
parallel  to  the  emitter/base  junction  to  modify  the 
effective  diffusion  constant  for  electrons  which  related 
the  excess  base  current  to  the  mobility.  In  the  present 
study,  we  show  that  the  surface  recombination  velocity 
can  be  estimated  by  taking  advantage  of  a  magnetic 
field  vertical  to  the  junction.  It  is  also  shown  that  the 
vertical  field  suppresses  the  diffusion  of  electrons  from 
the  emitter  to  the  extrinsic  base  region  and  that  the 
surface  recombination  velocity  can  be  estimated  by 
measuring  the  dependence  of  the  current  gain  on  the 
vertical  field  with  the  aid  of  a  two-dimensional  calcu¬ 
lation.  It  is  worth  noting  that  the  present  method 
requires  no  reference  sample  as  described  above. 
Therefore,  this  method  could  be  a  powerful  tool  for 
studying  the  degradation  of  HBTs  during  a  bias  stress 
test  where  a  reduction  in  current  gain  occurs  stochasti¬ 
cally,  that  is,  the  same  degree  of  degradation  is  not 
expected  for  individual  samples. 


2.  Model 

A  two-dimensional  diffusion  equation  in  the  pre¬ 
sence  of  a  magnetic  field  is  employed  to  describe  the 


behavior  of  electrons  in  the  base  region.  Apart  from 
the  presence  of  the  magnetic  field,  the  treatment  of  the 
equation  is  basically  the  same  as  that  by  Kennedy  and 
Murley  [13]  in  cylindrical  coordinates  and  Liu  et  al. 
[14]  in  Cartesian  coordinates.  Fig.  1  shows  a  schematic 
illustration  of  one  half  of  the  base  region.  The  emitter/ 
base  junction  is  in  the  jry-plane.  The  base  thickness  is 
Zo,  and  the  intrinsic  base  beneath  the  emitter  is  in  the 
region  0  <  x  <  and  the  extrinsic  base  is  in 
d\  <  x  <  Xo.  The  surface  recombination  velocities  are 
sa  for  a  free  surface,  sm  for  under  the  electrode  metal, 
and  S\  for  the  mesa  wall,  respectively.  The  electron 
current  density  j  in  the  base  is  given  by 

j  =  eDVn  +  efm E  -  jtfj  x  B,  (1) 

where  E  and  B  are  the  electric  and  magnetic  fields,  and 
n,  e,  fi,  and  D  are  density,  charge,  mobility,  and  diffu¬ 
sion  constant  (at  B^O)  of  the  electron,  respectively. 
An  electric  field  E  =  0  is  assumed  for  simplicity. 
However,  the  case  E^O  can  easily  be  included  in  the 
model.  Substituting  Eq.  (1)  into  the  continuity 
equation,  the  diffusion  equation  in  the  magnetic  field  is 
obtained  as  follows: 


D  /  3  2n  3  2n\  32«  n 

1  +  C uBz)2  +  By2  J  +  3z2  t 


(2) 


where  t  is  the  relaxation  time.  The  above  expression 
indicates  that  the  diffusion  constant  along  the  direction 
vertical  to  the  magnetic  field  is  reduced  by  the  mag¬ 
netic  field,  in  other  words,  the  diffusion  in  this  direc¬ 
tion  is  suppressed  due  to  modification  of  the  electron 
path  by  the  magnetic  force.  As  will  be  seen,  the  elec¬ 
tron  distribution  apparently  decreases  along  the  z- 
direction  and  along  the  x-direction  in  the  vicinity  of 
the  emitter  mesa,  x  =  d\.  Therefore,  B2n/By2  is  negli¬ 
gible  in  Eq.  (2)  and  we  finally  obtain  a  familiar  ex¬ 
pression,  except  for  scaling  along  the  x-direction,  as 
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Fig.  2.  Electron  distribution  with  Bz  =  0. 


follows: 

d2n  d2n  n  _ 
where 

x  =  yj 1  +  (fiBz)2x. 

Current  densities  are  given  as 
_  eD  dn_ 

^  fl  +  (ftBz)2  dx’ 


(3) 

(4) 

(5) 


jy  = 


(6) 


jz  — 


0) 


Eq.  (3)  can  be  solved  analytically  in  a  series  expansion 
form.  The  solution  and  the  boundary  conditions  are 
given  in  the  Appendix.  The  electron  mobility  i u  can  be 
estimated  experimentally  with  the  parallel  magnetic 
field,  Bx  [12].  The  diffusion  constant  is  derived  from  fi 
through  Einstein’s  relation.  The  relaxation  time  t  and 
the  surface  recombination  velocity  are  evaluated  by 
comparing  the  calculated  results  and  the  experimental 
results. 


3.  Calculated  results 

In  this  section,  we  show  the  calculated  results 
according  to  the  model  described  in  Section  2.  Fig.  2 
shows  the  electron  distribution  with  Bz  =  0.  The  distri¬ 


bution  with  Bz>  0  shows  no  difference  at  the  scale 
used  in  Fig.  2.  It  is  seen  in  Fig.  2  that  apparent  vari¬ 
ation  along  the  x-direction  occurs  around  the  mesa 
x  =  d\.  Therefore,  the  assumption  d2n/dy2  =  0  in  Section 
2  corresponds  to  neglecting  the  two-dimensional  distri¬ 
bution  over  the  range  of  0.1  ^m  in  the  xy- plane  just 
around  the  four  corners  of  the  mesa  and  can  be  justi¬ 
fied  plausibly  for  ordinary  HBTs.  We  define  a  current 
7l  as  follows  to  assess  the  lateral  diffusion  of  electrons 


0.0 


0.8 


1.2 


Fig.  3.  Lateral  diffusion  current  /L  as  a  function  of  y.Bz  with 
several  surface  recombination  velocities  sa. 
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Table  1 

Parameters  for  two-dimensional  calculations 


d\  (pm)  1.00 

t  (ps)  40 

d2  (pm)  1 .20 

D  (cm2/s)  50 

Xq  (pm)  1 .00 

sa  (cm/s)  1,  5,  10  x  106 

Zq  (nm)  50 

sm  (cm/s)  2  x  107 

Wy  (pm)  4.0 

$1  (cm/s)  2  x  106 

jn  (A/cm2)  1  x  104 

from  the  intrinsic  to  the  extrinsic  base  region, 

fZo 

4  =  Wy  jx(x  =  d\  ,z)  dz,  (8) 

J  0 

where  Wy  is  the  emitter  length  along  the  ^-direction. 
Fig.  3  shows  4  for  several  values  of  ja.  All  parameters 
used  for  the  calculation  are  listed  in  Table  1.  Surface 
recombination,  except  for  the  region  around  the  mesa, 
is  negligibly  small,  so  the  choices  for  sx  and  sm  do  not 
result  in  significant  differences.  It  is  clearly  shown  that 
the  vertical  magnetic  field  suppresses  the  lateral  diffu¬ 
sion  of  electrons.  Fig.  4  shows  the  field  dependence  of 
the  current  gain  hF E,  the  surface  recombination  current 
7sa,  and  the  bulk  recombination  /bunc.  The  expressions 


for  7sa  and  7buIk  are  given  as  follows: 

rXo 

7sa  =  esa  Wy  aj(x,0)  dx, 

J</2 

(9) 

_  eWy  fZo  fx° 

7buik  = -  dz  dx«(x,z). 

T  Jo  Jo 

(10) 

8E-6 

6E-6 

4E-6 

2E-6 

0E+0 


< 


-Q 


HBZ 

Fig.  4.  Current  gain  hFE,  surface  recombination  current  7sa, 
and  bulk  recombination  current  /bulk  as  a  function  of  p iBz . 


Table  2 
HBT  structure 


Layer 

Type  Doping  (cm" 

"3)  Thickness  (nm) 

In0.5Ga0.5As 

n 

3  x  1019 

50 

In^GAj^As  (y 

=  0-0.5)  n 

3  x  1019 

50 

GaAs 

n 

5  x  1018 

30 

AlvGaj_  YAs  (x  : 

=  0-0.25)  n 

1  x  1018 

30 

Alo.25Gao.75As 

n 

1  x  1017 

30 

GaAs 

P 

5  x  1019 

50 

GaAs 

n 

1  X  1016 

500 

GaAs 

n 

5  x  1018 

500 

GaAs 

S.I. 

“ 

- 

The  surface  recombination  current  7sa  decreases  with 
increasing  field  due  to  the  suppression  of  the  lateral 
diffusion.  On  the  other  hand,  the  bulk  recombination 
current  /bulk  remains  constant  since  the  electron  distri¬ 
bution  in  the  intrinsic  base  region  is  not  affected  sig¬ 
nificantly  by  the  field  and  x  is  treated  as  a  constant.  As 
a  result,  the  current  gain  hFE  increases  with  the  vertical 
field. 


4.  Experiment  and  discussion 

The  present  method  was  applied  to  an  AlGaAs/ 
GaAs  HBT.  The  HBT  structure  is  shown  in  Table  2. 
The  layer  structure  was  grown  by  metalorganic  chemi¬ 
cal  vapor  deposition  on  a  semi -insulating  (100)  GaAs 
substrate.  The  base  layer  was  50  nm  thick  and  doped 
to  5  x  1019  cm-3  with  carbon.  Compositional  grading 
was  not  employed,  so  no  built-in  electric  field  was  pre¬ 
sent  in  the  base  layer.  A  standard  photolithographic 
and  lift-off  process  was  used  to  fabricate  the  HBT  with 
an  emitter  area  of  2  x  4.5  pm.  Fig.  5  is  a  schematic 
cross  section  of  the  HBT.  The  emitter  mesa  was 
formed  by  chemical  etching  to  the  surface  of  the  base 
layer  with  an  H3P04/H202/H20  etchant.  The  base 
electrode,  Pt/Ti/Pt/Au,  was  self-aligned  to  the  emitter 
and  was  sintered  at  350°C  for  20  min  in  an  N2  atmos¬ 
phere  to  obtain  a  low-resistance  contact  [15,16].  The 
spacing  between  the  base  electrode  and  the  emitter 
mesa  was  approximately  200  nm.  The  extrinsic  base 
region  was  covered  with  polyimide.  I— V  measurements 
were  obtained  at  300  K.  A  magnetic  field  up  to  5  T 
was  applied  by  a  superconducting  magnet.  The  HBT 
was  operated  in  an  emitter  grounded  configuration 
with  VCe  =  2  V.  Fig.  6  shows  hFE  as  a  function  of  Bx 
and  Bz.  The  mobility  and  the  diffusion  constant  were 
estimated  from  the  Bx  dependence  of  hFE  according  to 
Ref.  [12]  to  be  2130  cm2/Vs  and  55  cm2/s,  respectively. 
They  were  in  a  good  agreement  with  recent  data 
obtained  by  optical  methods  [9,10].  We  carried  out  a 
two-dimensional  calculation  with  these  parameters. 
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Emitter  Electrode 


Fig.  5.  Schematic  cross  section  of  HBT  used  in  magnetotransport  measurement. 


Fig.  7  shows  /ife  as  a  function  of  Bz  with  the  calcu-  experiment,  \xBz^\  was  realized  when  Bz  =  4.1  T.  We 

lated  curve.  The  best  fit  was  obtained  with  t  =  40  ps  treated  an  electron  as  a  classical  particle;  however, 

and  ia=lx  107  cm/s.  The  value  of  might  be  larger  more  precise  treatment  based  on  the  quantization  of 

than  that  previously  reported  in  literature  [14,17].  the  electron  trajectory  may  be  needed  when  \xBz  >  1 . 

However,  it  should  be  noted  that  the  surface  recombi¬ 
nation  velocity  is  sensitive  to  the  surface  treatments 
which  differ  for  various  fabrication  processes.  5.  Conclusion 
Furthermore,  previously  reported  data  appear  to  have 

been  based  on  the  fi  or  D  that  was  obtained  at  that  A  novel  method  for  evaluation  of  surface  recombi- 

time  [18],  and  they  are  smaller  than  recent  data.  In  nation  in  HBTs  was  reported.  A  new  model  which 

Fig.  7,  a  small  deviation  between  the  measured  data  describes  the  motion  of  the  electrons  in  a  magnetic 

and  the  calculated  curve  is  seen  for  large  values  of  Bz.  field  was  developed.  It  was  shown  by  the  model  and 

A  possible  reason  is  the  magnetic  field  dependence  of  observed  experimentally  that  the  surface  recombination 
the  surface  recombination  velocity.  It  is  well  known  current  decreased  with  the  increasing  magnetic  field 

that  the  electron  trajectory  is  quantized  in  the  presence  vertical  to  the  emitter/base  junction  due  to  the  suppres- 

of  strong  magnetic  field  which  satisfies  [iBz>  \.  In  our  sion  of  the  lateral  diffusion  of  electrons.  The  present 

method  was  applied  to  an  AlGaAs/GaAs  HBT  and  the 


B  (T)  bz( T) 


Fig.  6.  Current  gain  hFE  as  a  function  of  parallel  magnetic 
field  Bx  and  vertical  magnetic  field  Bz. 


Fig.  7.  Measured  current  gain  and  calculated  current  gain  as 
a  function  of  vertical  magnetic  field  Bz. 
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to  be  1  x  107  cm/s  with  the  aid  of  a  two-dimensional 
calculation.  The  mobility  and  the  relaxation  time  were 
also  estimated  to  be  2130  cm2/Vs  and  40  ps,  respect¬ 
ively.  They  are  in  good  agreement  with  recent  data  by 
optical  methods.  It  is  worth  noting  that  we  estimated 
the  surface  recombination  velocity  experimentally  in  a 
single  HBT  for  the  first  time.  The  present  method 
could  be  a  powerful  tool  for  studying  the  degradation 
of  HBTs  during  a  bias  stress  test  where  the  same 
degree  of  degradation  is  not  expected  for  individual 
samples. 
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where  Am  is  an  expansion  coefficient  determined  by  the 
boundary  conditions  and  Xm  is  a  discrete  solution  of 
the  following  equation  which  comes  from  (A5), 

AmX, o  tan  XmXQ  =  —  J \  +  ( fiB -)2 Xq, 

D  (A8) 

m=  1,2..., 


and  Lm  is  defined  as 


_L_;2  ,  _ L 
Lir  m  +  Dx 


(A9) 


Notations  with  ”  represents  a  similar  meaning  as  in 
Eq.  (4)  Section  2,  that  is, 


A  = 


(A  10) 


The  boundary  conditions  (a)  are  rewritten  as 


Appendix 

In  this  appendix,  we  show  how  the  solution  of  Eq. 
(3)  in  Section  2  is  obtained  briefly  with  the  boundary 
conditions  used.  Similar  notations  as  in  Ref.  [14]  are 
used  for  convenience. 

The  boundary  conditions  are: 

(a)  z  =  0, 


3  n  L 

—  = — — ,  0 <x<du 
oz  eD 

(Al) 

Bn  ns,, 

-  =  — ,  dl<x<d2. 

(A2) 

Bn  nsm 

Tz  =  ~D'  di<x<X°’ 

(A3) 

(b)  x  =  0, 

Bn 

a*  ~0, 

(A4) 

(c)  X  =  Xq, 

(A5) 

(d)  2  =  Z0, 

n  =  0. 

(A6) 

In  Eq.  (Al),  j„  is  the  emitter  current  density.  The  sol¬ 
ution  of  Eq.  (3)  in  Section  2  is  expressed  in  a  series 
expansion  as 


n(x,z)  =  cos(A„,x)  sinh(-  (A7) 

;»=1  V  / 


S<p,„  cos(A,„x)  = 0<x<rf,, 
eD 

(All) 

n(x,  0>a  ~  .  ~ 

D  .  d\<x<d2. 

(A  12) 

n(x  ,0)j,„  -  .  - 

D  ,  d  2<x<X0, 

(A  13) 

where 

4|4 

o 

O 

4l4 

ii 

To  obtain  a  solution  which  satisfies  the  above  compli¬ 
cated  boundary  conditions  at  z  =  0,  we  divide  q>m  into 
three  components,  q>m  =  <p  $  +  q>  $  +  q>  £>  and  add  arti¬ 
ficial  conditions  to  determine  each  component.  Eq. 
(All)  is  written  as 

cos(i„,x)=[-A_^a) 

cos(A,„x)  -  It p®  cos(A„,x)J  (A14). 

As  additional  conditions,  we  required  that  the  left- 
hand-side  ^equals  the  right-hand-side  for  the  region 
0  <  x  <  di,  and  that  the  left-hand-side  equals  zero  for 
other  regions.  These  conditions  can  be  written  in  a 
compact  form: 

Z<pW  cos(A„,x)  =  £  -  ^  -  Z<p™  cos(A„,x)  -  Z 
cos(A,„x )1  Q(x :Q,d\), 


(A  15) 
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where  0(x:  0,  d\)  is  a  function  defined  as 


and 


9(x:a,b)  =  1,  a<x<b ,  0,  otherwise.  (A16) 

Similar  conditions  are  added  to  Eqs.  (All)  and  (A12). 
With  the  orthogonality  of  {cos  Xmx}  at  0  <  x  <  X0, 
and  the  normalizing  factor  as 


1 

Io(n,ri) 


cos(2„x)  cos(2w,x)dx. 


(A24) 


fXo 

Io(n,m)  =  cos(/l„x)  cos(2/Mx)dx  = 

Jo 

sin(22„Yo)  4-  22„i"o 

. - u: - •  m=n’ 

0,  m  ^  n, 

we  finally  obtain 


Vn  n-  / 
m 


EP  w(3)  -  X 


(A  17) 


(A  18) 


The  above  Eqs.  (A18)-(A20)  are  a  matrix  form  for  a 
2 N  component  vector  (p (p$)  (m  =  1,  2, 

N :  N  is  maximum  number  used  in  series  expansion), 
and  can  be  solved  by  ordinary  procedures.  This  calcu¬ 
lation  is  easily  carried  out  with  a  personal  computer. 
The  analytical  method  described  here  is  suitable  for 
our  purpose  since  the  differential  method  commonly 
used  in  numerical  simulations  requires  a  large  amount 
of  memory  to  obtain  the  precise  distribution  of  elec¬ 
trons,  which  varies  drastically  around  the  emitter  mesa 
and  is  the  most  important  for  our  problem. 


“  +  1  + 

*>a  *ni  m  L  ^ 

tanh^^^j  j<^2)  +  Y^snm(p$  =  0,  (A19) 

—~Z—  +  ^Tnm<p(m  +  1  + 

Sin  Sa  m  m  L  u 


tanh 

(!)] 

*<3)  = 

0, 

(A20) 

where 

Xn  =  ~ 

1 

I0(n,n) 

jn_  r'1 
1  e£>Jo 

cos(2„x)dx, 

(A21) 

Pnm  = 

1  sa  j 

Io(n,n)  D  " 

(  Xj  \  f  ^  1 

,  tanh  1  — ' -  )  cos(2„x) 

\Lm  /  Jo 

cos(2mx)dx, 

(A22) 

o  _ 

1 

sa  sn 

-L  tanhf  —  ^  f  cos(2  x) 

°h/j?  — 

k(n,n) 

D 

UUlllI  1  1 

(A23) 
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Abstract 

A  large-scale  integration  (LSI)  InP-based  technology  is  described  for  high-speed  mixed-signal  circuits.  The 
monolithic  75-mm  wafer  process  uses  molecular  beam  epitaxy,  InP  etch  stop  layers,  an  electron-beam-defined  gate, 
non-alloyed  ohmic  contacts,  and  10  mask  levels  to  provide  resonant  tunneling  diodes  (RTD’s),  0.25-  or  0.5-pm  gate- 
length  high  electron  mobility  transistors  (HEMT’s),  Schottky  diodes,  resistors,  capacitors  and  two  and  a  half  levels 
of  interconnect.  Resonant  tunneling  circuits  described  here  for  the  first  time  include  a  2.5-GHz,  ten  stage,  tapped 
shift  register,  a  6.5-GHz  clock  generator  and  a  multivalued-to-binary  converter.  ©  1999  Elsevier  Science  Ltd.  All 
rights  reserved. 


1.  Introduction 

Recently,  the  first  high-speed  and  low-power  res¬ 
onant-tunneling-diode/high-electron-mobility-transistor 

(RTD/HEMT)  circuits  have  been  demonstrated, 
including  a  35-Gb/s  flip  flop  [1],  a  34-GHz  static  fre¬ 
quency  divider  [2],  a  3-GHz  (40-dB  spur  free  dynamic 
range)  clocked  quantizer  [3],  a  3-GHz  sample  &  hold 
(  >  50-dB  linearity)  [4],  a  4-bit  2-GHz  analog-to-digital 
converter  (ADC)  )  [4]  and  an  ultralow  power  SRAM 
(50  nW/bit)  [5,6]. 

In  this  paper  we  report  for  the  first  time  an  LSI  pro¬ 
cess  for  RTD/HEMT  circuits.  In  addition,  we  provide 
new  circuit  results  on  a  ten-stage  2.5-GHz  shift  regis¬ 
ter,  a  6.5-GHz  RTD  clock  generator,  and  the  core  cir¬ 
cuit  of  a  3-bit  folded  quantizer  (multivalued-to-binary 
converter)  designed  for  use  in  a  ripple-carry-free  adder 

[7]- 

With  measured  switching  time-constants  as  short  as 
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1.5  ps  [8],  the  RTD  is  the  fastest  large-signal  semicon¬ 
ductor  switch,  and  can  be  the  enabler  for  ultrawide- 
band  electronic  systems.  Resonant  tunneling  diodes 
enhance  the  performance  of  any  transistor  technology 
because  RTD/transistor  circuits  can  typically  be 
designed  with  fewer  components,  lower  power  dissipa¬ 
tion  and  higher  circuit  speed  than  transistor-only  cir¬ 
cuits.  This  is  illustrated  in  the  comparison  of  (a)  RTD/ 
HEMT  and  (b)  conventional  HEMT  latched-compara- 
tor  designs  (Fig.  1)  operating  at  25-GHz  clock.  The 
RTD’s  bistability  enables  circuit  latching  without  the 
need  for  regenerative  feedback.  This  saves  area  (6x) 
and  power  (3x)  due  to  a  reduction  in  the  number  of 
components.  With  fewer  components,  wiring  delay  is 
reduced  and  signal  slew  is  increased.  For  circuit  topol¬ 
ogies  which  use  the  HEMT  in  the  source  follower  con¬ 
figuration  and  the  RTD  as  the  gain  element,  speeds 
can  exceed  the  transistor-only  fT  limit. 

Large-signal  SPICE  models  of  RTD’s  and  HEMT’s 
are  now  available  and  show  good  agreement  with  ex¬ 
periment  when  fitted  to  both  dc  and  S-parameter 
measurements  [4].  The  RTD  model  is  physics-based  [9] 
and  includes  a  dc  analytic  expression  for  the  tunneling 
current-voltage  behavior;  recently  an  ac  model  which 
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Fig.  1.  Circuit  schematic  diagrams  for  (a)  RTD/HEMT  and 
(b)  HEMT  comparators  designed  for  25-GHz  operation. 


accounts  for  the  capacitance— voltage  dependence  has 
been  described  [4].  Close  agreement  between  measure¬ 
ment  and  RTD  SPICE  model  is  obtained  not  only  in 
the  prepeak  and  valley  regions  of  the  RTD,  but  also  in 
the  negative  differential  resistance  region  [4].  The 
HEMT  model  of  Lee  et  al.  [10]  gives  good  fits  to 
measurements,  from  subthreshold  to  saturation  and 
from  dc  to  50  GHz  [4].  In  addition,  these  models  are 
continuous  for  all  bias  conditions,  an  important  fea¬ 
ture  for  guaranteeing  convergence  in  RTD/transistor 
circuit  simulations. 


2.  Process  technology 

An  integrated  circuit  (IC)  process  has  been  demon¬ 
strated  for  both  50-  and  75-mm  InP  substrates.  The 
device  heterojunctions  are  grown  by  molecular  beam 
epitaxy  in  a  single  growth,  approximately  0.5  pm  in 
thickness.  As  shown  in  Fig.  2,  the  RTD  is  integrated 
vertically  above  the  HEMT.  Indium  phosphide  etch- 
stop  layers  are  used  for  precise  placement  of  source/ 
drain  and  gate  metallizations  in  the  hetero structure. 
With  the  RTD  epitaxially  integrated  with  the  HEMT, 
layout  is  compact  with  the  RTD  located  in  the  source 
and/or  drain  of  the  HEMT. 

Shown  in  Fig.  3  is  a  scaled  drawing,  accurate  in  the 
vertical  dimension,  and  showing  the  fabrication 
sequence  for  the  RTD  and  HEMT.  In  the  first  step  the 
emitter  metal  is  formed  using  a  lift-off  process  and 
used  as  an  etch  mask  for  reactive  ion  etching  of  the 
RTD  mesa  using  a  methane/hydrogen  plasma.  The 
etch  is  completed  using  a  wet  sulfuric  acid/peroxide 
etch  to  a  thin  (3-5  nm)  InP  etch  stop  layer  which  pre¬ 
cisely  locates  the  level  of  the  source/drain  contact.  The 
device  mesa  is  formed  by  selective  wet-chemical  etching 
to  the  underlying  semi-insulating  InP  substrate  and  the 
non-alloyed  source/drain  metallization  is  defined  after 
removing  the  InP  etch  stop  layer  in  a  phosphoric/hy¬ 
drochloric  acid  etch.  The  gate  is  patterned  and  recessed 
to  a  second  InP  etch  stop  layer  which  provides  precise 
positioning  of  the  gate  with  respect  to  the  channel. 
Note  that  only  three  mask  levels  and  one  electron- 
beam  (e-beam)  lithography  step  are  needed  to  form 


AlAs/InGaAs/lnAs/IndaAs/AIAs 
2/1/2/1/2  nm . V 


100  nm  n+  InGaAs 


100  nm  n+  InGaAs 


vSP  nm  n+^lnAI As/InGaAs  ( w 

•  Mi 

40  nm  InGaAs  Channel 


3  nm  InP  Etch  Stops 


Fig.  2.  Transmission  electron  micrograph  of  RTD/HEMT  heterojunction  material  grown  by  molecular  beam  epitaxy  on  Fe-doped 
InP.  The  total  epitaxial  layer  thickness  for  both  the  RTD  and  HEMT  devices  layers  is  509  nm. 
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Fig.  3.  Schematic  diagram  of  the  RTD/HEMT  process  flow 
with  the  vertical  dimension  of  the  epitaxial  layers  and  metalli¬ 
zations  drawn  to  scale.  The  lower  drawing  shows  a  top  of 
view  of  the  HEMT,  where  the  RTD  can  be  placed  in  the 
source,  in  the  drain,  or  in  both  as  shown.  The  upper  drawings 
show  cross-sections  of  the  four-pattern,  three-metallization 
process  which  forms  both  the  RTD  and  HEMT  in  approxi¬ 
mately  the  footprint  of  a  single  transistor. 

both  active  devices,  HEMT  and  RTD.  The  topography 
including  contact  metallizations  is  approximately  half 
of  the  topography  of  a  heterojunction  bipolar  transis¬ 
tor  process. 

In  the  next  four  mask  levels  shown  in  Fig.  4,  resis¬ 
tors,  capacitors  and  two  wiring  metal  levels  are 
formed.  After  planarizing  the  components  with  a 
dielectric  layer,  Fig.  5,  vias  are  opened  and  a  final  wir¬ 
ing  layer  is  created.  In  summary,  10  mask  levels  and  1 
e-beam  step  are  used  to  form  RTD’s,  HEMT’s, 
Schottky  diodes  (formed  in  the  same  step  as  the 
HEMT  gate),  resistors,  capacitors  and  2  +  levels  of 
interconnect.  The  extra  +  or  “half’  level  of  metalliza¬ 
tion  is  because  the  top  plate  of  the  capacitor  (Metal2 
in  Fig.  4)  can  be  used  effectively  for  a  limited  amount 
of  wiring.  Process  time  is  approximately  80  h. 

A  top-down  scanning  electron  microscope  (SEM) 
image  of  the  process  is  shown  in  Fig.  6. Here  the  three¬ 


dimensional  aspect  and  the  device  and  interconnect 
economy  are  apparent  (see  also  the  lower  portion  of 
Fig.  3).  The  RTD’s  are  located  immediately  below  the 
top  level  via  contact.  The  RTD/HEMT  combination 
has  approximately  the  same  footprint  as  the  HEMT 
alone. 

The  process  described  above  uses  only  a  single  type 
of  RTD  over  the  HEMT,  but  it  can  be  extended  to 
allow  the  connection  of  two  RTD  types  by  the  ad¬ 
dition  of  a  single  mask  level.  An  example  of  this  pro¬ 
cess  is  shown  in  the  cross  sections  of  Fig.  7;  in  this 
case  single-  and  four-peak  RTDs  were  formed  on  the 
HEMT  drain  and  source  regions,  respectively.  A  gold 
airbridge  was  used  as  the  final  wiring  level. 


3.  Device  characteristics:  RTD 

A  representative  four-peak  RTD  consisting  of  the 
series  epitaxial  integration  of  four  independent  RTD’s 
is  shown  in  Fig.  8(a)  with  the  corresponding  schematic 
conduction  band  diagram  for  the  RTD’s  shown  in  Fig. 
8(b).  The  RTD’s  are  typically  interconnected  by  60  nm 
of  n  +  InGaAs  layers.  The  AlAs/InGaAs  double-bar¬ 
rier  structure  is  uniformly  doped  with  Si  to  minimize 
the  peak  voltage  and  hysteresis  in  the  current-voltage 
(I-V)  characteristic  of  series  RTD’s.  Generally,  doping 
decreases  the  peak  voltage  as  more  of  the  voltage  drop 
appears  across  the  double  barrier  and  increases  the  val¬ 
ley  current  due  to  an  increase  of  the  inelastic  scattering 
rate  in  the  quantum  well  [11]  (Fig.  9)  Typical  RTD’s 
produced  in  this  process  have  a  peak  current  density 
of  20  kA/cm2  with  a  speed  index  (peak-current/capaci¬ 
tance)  of  100  mA/pF  (or  0.1  V/ps). 

4.  Device  characteristics:  HEMT 

The  HEMT  layer  diagram  and  computed  energy 
band  diagram  are  shown  in  Figs.  10(a)  and  (b),  re¬ 
spectively.  The  heterostructure  consists  of  a  modu¬ 
lation-doped  InAlAs/InGaAs  two-dimensional  electron 
gas  above  a  superlattice  buffer  layer.  The  superlattice 
buffer  layer  is  intended  to  improve  electron  confine¬ 
ment  by  increasing  the  effective  barrier  height  of  the 
InGaAs/InAlAs  heterostructure. 

S-parameter  measurements  shown  in  Fig.  1 1  show  a 
current  gain  cut-off  frequency,  of  140  GHz  with  a 
power  gain  cut-off  frequency,  /max*  of  180  GHz  for  a 
0.25-pm  gate.  The  dependence  of  fT  on  inverse  gate 
length  is  plotted  in  the  inset  of  Fig.  1 1  showing  the  lin¬ 
ear  scaling  of  the  technology  on  inverse  gate  length  as 
expected  based  on  reduction  of  the  carrier  transit  time. 
In  Fig.  12,  the  dependence  of  fT  on  the  gate-to-source 
voltage  is  plotted  showing  good  frequency  response 
over  a  wide  range  of  operating  voltage. 
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Fig.  4.  Continued  process  flow  (with  vertical  dimension  drawn  to  scale)  showing  the  next  four  process  patterns  which  provide  resis¬ 
tors,  capacitors,  and  two  interconnect  levels.  The  first  metal  layer  serves  as  both  an  interconnect  layer  and  as  the  bottom  plate  of  a 
capacitor;  the  second  metal  layer  is  used  to  form  the  top  capacitor  plate  and  for  a  limited  amount  of  wiring. 


5.  Device  and  process  characteristics:  RTD/HEMT 

Common  source  characteristics  of  the  RTD/HEMT 
combination  with  the  RTD  in  the  source  are  shown  in 
Fig.  13  along  with  the  corresponding  gate  current.  The 
gate  current  in  this  technology  is  typically  about  50 
nA/pm.  When  the  extrinsic  gate-to-source  voltage 
increases  and  the  channel  current  exceeds  the  peak  cur¬ 
rent  in  the  source  RTD  that  RTD  switches  to  a  high 
voltage  state.  On  switching,  the  internal  gate-to-source 
voltage  is  forced  to  a  lower  value  because  the  extrinsic 
gate-to-source  voltage  is  held  constant.  This  causes  the 
sudden  current  decrease  whenever  the  HEMT  current 
exceeds  the  RTD  peak  current. 

Good  local  and  global  uniformity  of  RTD  I-V 
characteristics  is  shown  in  Figs.  14  and  15.  Fig.  14, 
shows  the  I-V  obtained  from  the  series  combination  of 
500  RTD’s,  each  of  the  500  RTD’s  switches  indepen¬ 
dently  in  sequence  from  the  lowest  peak  current  to  the 
highest  peak  current  and  when  the  voltage  retraces  the 
switching  sequence  proceeds  from  highest  to  lowest 
valley  current.  The  uniformity  of  the  peak  and  valley 


currents  across  500  RTD’s  is  shown  to  be  better  than 
approximately  3%.  In  Fig.  15,  the  uniformity  across  a 
50-mm  wafer  is  shown  with  the  dashed  curves  corre¬ 
sponding  to  the  wafer  edges.  This  RTD  with  peak  cur¬ 
rent  density  exceeding  105  A/cm2  is  highly  sensitive  to 
monolayer  thickness  fluctuations  [12],  but  in  this  pro¬ 
cess  shows  remarkable  uniformity  across  the  full 
wafer,  an  indication  of  monolayer  control  of  the  bar¬ 
rier  thickness. 

Sizing  of  the  RTD  was  used  in  an  RTD/HEMT  ana- 
log-to-digital  converter  [4]  to  set  the  trip  points  of  a 
flash  quantizer.  In  this  application  precise  control  the 
RTD  area  is  required  so  as  not  to  limit  the  linearity  of 
the  quantizer.  For  devices  formed  using  the  methane/ 
hydrogen  reactive  ion  etch  process  described  earlier, 
the  dependence  of  RTD  peak  current  has  been  plotted 
against  the  RTD  mesa  area  for  two  separate  wafers 
which  were  grown  consecutively  but  processed  separ¬ 
ately  (Fig.  16).  Both  the  growth  and  the  etch  process 
show  good  uniformity  and  reproducibility.  The  linear¬ 
ity  in  area  obtained  in  this  process  is  better  than  one 
part  in  128,  or  7  bits. 
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Fig.  5.  Continued  process  flow  shows  the  planarization  and  final  two  mask  patterns  to  complete  the  interconnect  process. 
Following  this  sequence  the  devices  are  passivated  with  silicon  nitride  and  vias  are  opened  to  the  bonding  pads.  In  total  10  optical 
patterns  are  used;  the  gate  is  defined  by  electron  beam  lithography. 


Fig.  6.  Scanning  electron  micrograph  of  a  completed  RTD/HEMT  quantizer  circuit  showing  the  three-dimensional  integration  of 
RTD’s  on  HEMT  source  and  drain  contact  regions. 
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Fig.  7.  Three  cross-sectional  scanning-electron-microscope  views  of  an  integrated  RTD/HEMT  structure;  each  view  with  a  different 
magnification.  As  a  reference  the  0.25-gm  gate  is  visible  in  each  micrograph.  The  device  cross  section  is  formed  by  focussed-ion 
beam  milling  and  the  image  is  taken  at  a  glancing  angle  to  the  wafer  surface.  In  this  structure  two  different  RTD’s  are  formed:  a 
single  RTD  (1RTD)  and  an  epitaxial  stack  of  four  RTD’s  (4RTD);  this  is  readily  accomplished  by  the  addition  of  one  additional 
mask  step  and  the  4RTD’s  are  grown  in  the  epitaxy.  The  textured  surface  above  the  gate  metallization  is  an  artifact  of  the  ion 
milling  used  to  cross-section  the  wafer. 


6.  Circuits:  RTD/HEMT  shift  register 

As  digital  RF  receivers  are  extended  into  the  X- 
band  (8-12  GHz),  tapped  shift-registers  with  input 
data  rates  exceeding  25  GHz  will  be  needed  to  provide 
demultiplexed,  parallel  outputs  at  clock  rates  compati¬ 
ble  with  silicon  signal  processors.  A  single-stage  of  an 
RTD/HEMT  static  shift  register  is  shown  in  the  inset 
of  Fig.  17.  Data  is  clocked  into  the  bistable  RTD  pair 
on  one  clock  half-cycle  and  transferred  out  on  the  next 
half-cycle.  Average  power  dissipation  per  stage  is  ap¬ 
proximately  9  mW. 

The  output  eye  diagram  shown  for  a  pseudo-random 
input  bit  stream  in  Fig.  17  gives  a  qualitative  measure 
of  the  operation  of  the  shift  register.  The  open-eye  dia¬ 
gram  is  an  indication  of  reliable  data  transmission  at  a 
clock  rate  of  2.5  GHz. 

A  direct  characterization  of  the  shift  register  is  to 
measure  the  delay  per  tap.  Four  taps  (1,  2,  5  and  10) 
were  connected  to  50-Q  pin-drivers.  Fig.  18  (lower 
plot)  shows  the  outputs  from  the  four  taps,  for  an 
input  signal  of  156.25  MHz  and  a  clock  frequency  of 
2.5  GHz.  The  data  advances  every  half  clock-cycle. 
The  output  swing  from  the  pin-drivers  is  limited  to  less 
than  50  mV  due  to  a  mask  layout  error  on  the  pin  dri¬ 


vers,  however  clear  latching  and  shifting  of  the  input 
signal  is  observed.  Fig.  18  (upper  plot)  shows  the  (rela¬ 
tive)  position  of  the  falling  edge  of  the  signal  from 
each  tap  plotted  against  tap  number  for  both  1-  and 
2.5-GHz  clocks.  As  expected,  the  slope  of  the  best-fit 
line  corresponds  to  half  the  period  of  the  shift  register 
clock,  demonstrating  circuit  functionality.  The  tap 
delay  extracted  from  the  1-GHz  data  is  more  accurate 
as  the  time  scales  are  less  sensitive  to  unaccounted  for 
delays  in  the  circuit  layout  and  the  test  configuration. 
Power  dissipation  is  650  mW  including  pin  drivers  and 
clock  shapers. 

A  good  quantitative  characterization  of  the  high¬ 
speed  operation  of  the  shift  register  is  a  bit-error  rate 
test.  The  input  signal  is  a  pseudo-random  bit  stream  of 
word-lengths  varying  from  27-l  to  23I-1.  Error-free 
operation  of  the  shift  register  (tap  number  2)  was 
measured  up  to  a  clock  frequency  of  2.5  GHz  for  a 
27— 1  word-length.  Changing  the  word-length  to  231— 1 
resulted  in  a  bit-error- rate  of  5  x  10-10. 


7.  Circuits:  RTD  clock  generator 

On  chip  high-speed  clocks  are  needed  for  digital  sys- 
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Fig.  10.  A  schematic  layer  diagram  of  the  Ino.52Alo.48 As/ 
Ino.53Gao.47 As  HEMT  is  shown  in  (a)  where  the  dashed  line 
in  the  drawing  indicates  the  presence  of  a  Si  modulation-dop¬ 
ing  layer  and  ‘SL’  stands  for  superlattice.  In  (b)  a  computed 
band  diagram  (BandProf,  Poisson  solver  of  W.R.  Frensley)  of 
the  HEMT  is  shown  including  the  bands  associated  with  the 
satellite  valleys  located  along  the  L  and  X  crystallographic 
directions. 


Fig.  8.  Vertically-integrated  four-peak  resonant  tunneling 
diode  grown  by  molecular  beam  epitaxy:  (a)  measured  cur¬ 
rent-voltage  characteristics  and  (b)  schematic  energy  band 
diagram  and  layer  thicknesses.  This  particular  RTD  is  used 
in  the  multivalued-to-binary  converter  circuit  shown  in  Fig. 
22. 
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Fig.  9.  Dependence  of  resonant  tunneling  diode  peak  voltage  (KP)  and  peak-to-valley  current  ratio  (PVR)  on  doping  density 
through  the  double  barrier  for  an  epitaxially-integrated  3RTD  stack  with  RTD  structure  equivalent  to  the  structure  of  Fig.  8(b).  A 
doping  density  of  zero  corresponds  to  the  nominally-undoped  case  in  which  dopants  are  shuttered  off  during  the  growth  of  the 
double-barrier  structure  including  the  2-nm  InGaAs  cladding  layers.  The  other  doping  densities  correspond  to  a  uniform  dopant 
density  throughout  the  double  barrier  and  cladding  layers;  the  n  +  InGaAs  layers  have  the  same  doping  density  between  samples. 
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Fig.  1 1 .  Dependence  of  the  common-source  HEMT  small-sig¬ 
nal  current  gain  ( h2\ )  and  maximum  available  power  gain 
(MAG)  on  input  signal  frequency  and  (inset)  the  dependence 
of  the  current  gain  cut-off  frequency  (/r)  on  gate  length. 

terns.  Traveling-wave  RTD  pulse  generators  have 
already  been  shown  to  operate  up  to  40  GHz  [13]  and 
with  timing  jitter  as  low  as  ^200  fs  [14].  In  Fig.  19,  the 
results  of  a  new  differential  clock  generation  circuit 
[15],  fabricated  in  the  RTD/HEMT  process,  are 
shown.  The  differential  design  of  the  RTD  bridge  is 
capable  of  driving  50-ohm  loads.  With  ^dd-  1.4  V  a 
6.5  GHz  output  signal  is  generated.  Once  the  oscil¬ 
lation  develops,  the  external  clock  inputs  can  be 
removed  and  the  circuit  will  clock  freely  with  a  speed 
determined  by  the  round  trip  transit  time  in  the  res¬ 


Fig.  13.  Common  source  HEMT  transfer  and  gate  leakage 
characteristics  with  an  integrated  RTD  in  the  source.  The 
HEMT  has  a  gate  length  of  0.5  pm  and  gate  width  of  40  pm; 
the  RTD  area  is  2  x  5  pm2. 

onant  line.  A  close-up  of  the  output  signal  is  shown  in 
Fig.  20,  demonstrating  a  rise  time  of  25  ps. 

8.  Circuits:  RTD/HEMT  redundant  digit  adder 

High-speed  ripple-carry-free  addition  can  be 
achieved  using  redundant  number  systems  [7,16].  These 
number  systems  typically  require  multivalued  transfer 
characteristics  like  that  shown  in  the  upper  row  of  Fig. 
21.  Here,  an  alternative  digital  output  signal  is 
obtained  for  a  monotonically  increasing  input  signal. 


Fig.  14.  Five  hundred  resonant  tunneling  diodes  in  series 
showing  only  a  few  percent  variation  of  peak  and  valley  cur¬ 
rents  over  the  entire  device  array:  array  dimension  500  x  200 
pm2,  50  RTD’s  x  20  RTD’s. 


Fig.  12.  Dependence  of  the  HEMT  current  gain  cut-off  fre¬ 
quency  (fT)  on  gate-to-source  voltage  (FGS)  and  gate  length 

a*>. 
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Fig.  15.  Dependence  of  current-voltage  behavior  versus  pos¬ 
ition  across  a  500-mm  InP  wafer. 


These  transfer  characteristics  can  be  readily  generated 
with  the  RTD/HEMT  circuit  in  Fig.  21.  The  symbol 
labeled  3RTD  refers  to  the  series  combination  of 
3RTD’s  and  1RTD  refers  to  a  single  RTD.  The  data 
of  Fig.  21  is  from  a  SPICE  simulation,  which  allows  a 
close  inspection  of  the  internal  node  voltages  and  cur¬ 
rents  for  a  ramped  input  voltage  from  —0.5  to  2  V  in  3 
ns. 

As  the  input  voltage  is  increased  from  —0.5  V,  the 
input  transistor  begins  to  turn  on  when  KGs  exceeds 
its  threshold  voltage  -0.42  V.  Current  then  increases 
through  the  load  RTD  until  it  exceeds  the  RTD  peak- 
current  at  which  point  the  voltage  across  the  load 
RTD  jumps  out  by  approximately  0.2  V  giving  rise  to 
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Fig.  17.  Eye  diagram  and  circuit  schematic  of  one  stage  of  a 
10-stage  RTD/HEMT  shift  register  clocked  at  2.5  GHz.  The 
bit-error-rate  is  zero  for  a  word  length  of  27-l  and  5  x  10“10 
for  a  word  length  of  231  —  1. 


the  first  transition  in  the  output  voltage,  Tout-  As  the 
input  voltage  continues  to  increase,  the  voltage  across 
the  3RTD  stack  reaches  its  first  peak  and  the  3RTD 
stack  switches  to  a  higher  voltage.  This  causes  KCs  to 
decrease,  turning  the  input  transistor  off  and  resetting 
the  RTD  load  to  its  low-voltage,  low-current  state. 
The  process  then  repeats  twice  as  the  input  voltage 


.  - y  =  0.095919  +  0.4898x  R=  0.99894 

- y  =  0.47755  +  0.22888X  R=  0.9991 8 

4  .  1.0  GHz 


-  y  =  0.58928  +  0.2096x  R=  0.9991 
y  =  0.631 12 +  0.20995X  R=  0.99902 


0  2  4  6  8  10  12 

SHIFT  REGISTER  TAP 


AREA  (|amz) 

Fig.  16.  Areal  dependence  of  the  resonant  tunneling  diode 
peak  current  for  two  separately  processed  wafers  showing 
good  linearity  of  the  emitter  mesa  reactive  ion  etch  process. 


CO  0  2  4  6  8  10  12  14 

TIME  (ns) 

Fig.  18.  Ten  stage  RTD/HEMT  shift  register  with  output  taps 
after  1,  2,  5  and  10  stages.  The  lower  figure  shows  the 
measured  voltages  as  a  function  of  tap  points  with  the  signals 
displaced  along  the  y-axis  for  clarity.  The  upper  figure  shows 
that  the  delay  increases  linearly  with  the  tap  position. 
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Fig.  19.  Resonant  tunneling  diode  clock  generator:  (a)  sche¬ 
matic  diagram  and  (b)  6.5-GHz  output  signal  waveform. 


0  10  20  30  40  50 


TIME  (ps) 

Fig.  20.  An  expanded  view  of  the  output  signal  for  the  res¬ 
onant  tunneling  diode  clock  generator  of  Fig.  19. 

ity  of  peak  current  in  the  stacked  RTD  pairs  it  is  pre¬ 
ferred  to  use  a  4-peak  vertical  integration.  In  this  way 
three  diodes  can  be  defined  in  the  same  etch  process  so 
as  to  provide  closely  matched  peak  currents.  The  cir¬ 
cuit  function  only  requires  the  3-peak  resonant  tunnel¬ 
ing  diode  to  obtain  the  needed  transfer  characteristic. 


continues  to  advance  toward  2  V  and  through  the 
three  switching  transitions  of  the  3RTD  stack. 

The  circuit  was  demonstrated  (Fig.  22)  using  0.5-pm 
gate  length  RTD/HEMT  technology  with  input 
HEMT  width  of  75  pm  and  load  HEMT  width  of  7 
pm.  In  practice,  to  yield  the  circuit  with  good  uniform- 


9.  Conclusion 

An  LSI  process  for  combining  0.25-  or  0.5-pm  gate- 
length  HEMT’s  and  RTD’s  was  described  for  ultra- 
high  speed  mixed  signal  circuits.  The  75  mm  wafer 


Vv> 

-0.5  0  0.5  1  1.5  2 


TIME  (ns) 


Fig.  21.  SPICE  simulation  of  the  voltage  and  current  waveforms  of  an  RTD/HEMT  inultivalued-to  binary-converter  (quantizer). 
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Fig.  22.  Measured  dc  characteristics  of  an  RTD/HEMT  mul- 
tivalued-to-binary  converter,  shown  schematically  in  the  inset. 
The  symbol  labeled  4RTD  refers  to  the  series  combination  of 
four  epitaxially-integratedresonant  tunneling  diodes;  1RTD 
refers  to  a  single  resonant  tunneling  diode 


process  uses  molecular  beam  epitaxy,  InP  etch  stop 
layers,  an  electron-beam-defined  gate,  non-alloyed 
ohmic  contacts,  and  10  mask  levels  to  provide 
HEMT’s,  RTD’s,  Schottky  diodes,  resistors,  and  ca¬ 
pacitors,  with  two  and  a  half  levels  of  interconnect. 
Resonant  tunneling  diode  and  RTD/HEMT  circuits 
described  here  for  the  first  time  included:  a  2. 5 -GHz 
ten-stage  tapped  shift-register,  a  6.5  GHz  clock  genera¬ 
tor,  and  a  multi-valued-to-binary  converter.  The  0.25- 
pm  RTD/HEMT  technology  has  the  necessary  band¬ 
width  for  signal  processing  at  10-100-GHz  clock  rates. 
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Abstract 

Sb-based  resonant  interband  tunneling  diodes  are  an  alternative  to  the  more  commonly  used  InP-based  resonant 
tunneling  diodes.  Potential  advantages  include  higher  speed  and  lower  power  operation  due  to  its  lower 
characteristic  voltages.  This  fundamental  difference  is  caused  by  the  Type  II  band  alignment  of  the  emitter  and 
quantum  well  semiconductors  as  compared  to  the  Type  I  band  alignment  in  the  InP-based  system.  A  simple 
theoretical  framework  is  provided  that  exhibits  and  provides  qualitative  understanding  of  the  influence  on  device 
behavior.  A  SPICE  compatible  analytic  form  for  the  current  versus  voltage  characteristic  is  derived.  ©  l"9 
Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

High  speed  circuits  utilizing  resonant  tunneling 
diodes  (RTDs)  have  recently  demonstrated  rapid  pro¬ 
gress  towards  digital  and  mixed  signal  applications  [1]. 
The  negative  resistance  characteristic,  similar  to  an 
Esaki  diode,  has  allowed  the  design  of  circuits  with 
smaller  device  count,  higher  speed,  smaller  area,  and 
lower  power  consumption  than  similar  circuits  without 
RTDs.  The  most  successful  semiconductor  system  to 
date  for  implementing  these  circuits  has  been  the  InP- 
based  system,  i.e.  InP  substrate  with  InGaAs  and 
InAlAs  lattice  matched  alloy  compositions.  In  ad¬ 
dition,  very  thin  layers  of  AlAs  and  In  As  are  com¬ 
monly  used  in  the  RTD  to  enhance  its  properties. 
RTDs  in  this  system  have  excellent  peak-to-valley  cur¬ 
rent  ratios,  and,  most  importantly,  are  compatible  with 
existing  HBT  and  HEMT  growth  and  fabrication  tech¬ 
nologies. 

To  fully  realize  the  low  power  consumption  potential 
of  RTD  circuits,  it  is  important  to  have  the  character¬ 
istic  voltages  as  low  as  possible.  The  most  important 
of  these  voltages  is  usually  the  peak  voltage,  i.e.  the 


voltage  where  the  current  is  maximum.  These  voltages 
set  the  voltage  scale  for  the  RTD  logic  states,  and  thus 
ultimately  the  transistor  and  power  supply  voltages. 

InP-based  RTDs  are  limited  in  the  degree  to  which 
the  voltages  can  be  reduced.  Smaller  band  gap  InAs  is 
commonly  inserted  at  the  center  of  the  otherwise 
InGaAs  quantum  well  part  of  the  RTD  to  lower  the 
voltages,  but  this  tends  to  lower  the  peak  current  den¬ 
sity  also.  Widening  the  well  also  lowers  the  voltage, 
but  degrades  the  peak-to-valley  ratio.  A  heterostruc¬ 
ture  system  which  naturally  has  lower  characteristic 
voltages  is  the  resonant  interband  tunnel  diode  (RITD) 
based  on  InAs,  AlSb,  and  GaSb.  The  Type  II  band 
discontinuities  are  quite  different  in  this  system  as 
compared  with  the  InP  system.  Fig.  1  shows  the  band 
diagrams  of  the  conduction  and  valence  band  edges 
for  the  two  cases.  Fig.  1(a)  is  for  the  Type  I  InGaAs/ 
AlAs  structure  in  which  conduction  electrons  incoming 
from  the  InGaAs  emitter  tunnel  through  the  reson¬ 
ance,  Er,  in  the  central  quantum  well.  The  valence 
band  is  not  involved  in  this  case.  By  contrast,  Fig.  1(b) 
shows  the  Type  II  InAs/AlSb/GaSb  case  in  which  elec¬ 
trons  incoming  from  the  InAs  conduction  band 
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Fig.  1.  Band  diagrams  of  (a)  Type  I,  InGaAs/AlAs,  and  (b)  Type  II,  InAs/AlSb/GaSb  double  barrier  resonant  tunneling  structures. 
£e(/:ii)  and  Ew(k\\ )  are  the  in-plane  energy  dispersion  curves  for  the  emitter  and  well  electrons,  respectively. 


undergo  interband  tunneling  through  the  light  hole  res¬ 
onance  in  the  GaSb  valence  band  [2-4]. 


2.  Simple  analysis 

The  key  feature  which  distinguishes  the  interband 
tunneling  is  the  negative  effective  mass  of  the  GaSb 


light  hole  band.  Fig.  1  shows  the  parabolic  E(k ii)  dis¬ 
persion  of  the  emitter  and  quantum  well  subband 
states,  where  k\\  is  the  wave  vector  in  the  in-plane  direc¬ 
tions.  The  relative  lineup  as  a  function  of  applied  vol¬ 
tage  of  these  emitter  and  well  parabolas  determine  the 
number  of  electrons  that  tunnel  through  the  resonance 
and  thus  the  current  [5].  A  simple  zero  temperature 
model  with  a  single  resonance  is  useful  for  illustrating 


Fig.  2.  Relative  position  of  the  emitter  (solid)  and  well  (dashed)  E(l cii)  dispersion  curves  for  three  voltages  for  Type  I  RTDs  and 
Type  II  RITDs.  E P  is  the  emitter  Fermi  level.  Vo,  VP,  and  Fv,  are  the  voltages  at  which  the  current  turns  on,  peaks,  and  goes  to 
zero,  respectively,  in  a  simple  T  =  0  model. 
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Fig.  3.  Definition  of  Vq,  Vp,  and  Vy  as  the  onset,  peak,  and 
valley  voltages  in  a  simple  T  =  0  model  of  resonant  tunnel¬ 
ing. 


the  distinction  between  the  two  cases  [6,10].  Fig.  2 
shows  the  relative  line-up  of  the  emitter  and  well  para¬ 
bolas  for  the  three  voltages  defined  by  Fig.  3.  VQ 
(onset)  is  the  voltage  such  that  the  current  just  begins 
to  flow.  VP  (peak)  is  the  voltage  at  the  current  maxi¬ 
mum,  and  Vv  (valley)  denotes  the  voltage  where  the 
current  shuts  off.  A  simple  analysis  based  on  Fig.  2 
provides  equations  for  V0,  VP,  and  Vv.  For  example, 
V0  for  the  RTD  case  is  the  voltage  required  to  lift  the 
emitter  conduction  band  edge  just  enough  so  that  the 
Fermi  level  coincides  with  the  bottom  of  the  resonance 
subband.  The  emitter  electrons  that  tunnel  have  fcli  =  0 
but  momentum  in  the  growth  direction  (not  shown) 
such  that  their  energy  is  at  the  Fermi  level.  By  con¬ 
trast,  in  the  negative  mass  RITD  case  a  smaller  voltage 
is  required,  as  the  emitter  Fermi  level  reaches  the  res¬ 
onance  subband  at  a  nonzero  k\\  value.  The  effective 
masses  determine  the  curvature  of  the  two  parabolas 
and  thus  the  intersection  points.  In  particular  the  ratio 
a  =  raw/(raw-raE),  where  mE  is  the  emitter  effective 
mass  and  raw  is  the  mass  of  the  resonance  in  the  well, 
is  the  combination  that  enters  the  formulas.  oq  is  the 
ratio  for  the  RTD,  with  raw  >  mE  being  the  usual  case 
[5],  while  an  is  for  the  RITD,  with  raw  <  0.  (The  rarer 
0  <  raw  <  raE  case  is  also  discussed  in  Ref.  [5].  It  is 
slightly  more  complicated  and  must  be  dealt  with  sep¬ 
arately.)  Ignoring  band  bending  and  assuming  half  the 
voltage  drop  occurs  at  the  center  of  the  well,  the  for¬ 
mulae  for  the  RTD  are  as  follows: 


Vq  =  2(ER  -  EF) 


Fig.  4.  Current  versus  voltage  for  Type  I  RTD  (dashed)  and 
Type  II  RTD  (solid)  for  raE  =  0.04,  lmwl^O.05,  T  =  77  K, 
£f  =  0.05,  £r  =  0.1  in  Tsu-Esaki  model  extended  for  unequal 
masses. 


VP  =  2 (Er  -  Ep) 


Vy  =  2Er 


(2) 


It  is  interesting  to  note  that  what  is  usually  called  the 
resonance  condition,  where  the  emitter  conduction 
band  edge  lines  up  with  the  resonance  at  Aril  =  0,  V  =  2 
jFr,  corresponds  to  the  valley  voltage,  not  the  peak 
voltage  as  is  commonly  and  incorrectly  assumed.  The 
formulae  for  V0  and  VP  are  reversed  in  order  between 
the  two  cases  because  oq>  1,  while  an  <  1  due  to  the 
change  in  sign  of  ww.  Assuming  only  the  sign  of  raw 
differs,  the  Type  II  case  has  a  peak  voltage  which  is 
2 EP  raE|/raw|  less  than  for  the  Type  I  case.  The  actual 
measured  voltage  includes  the  band  bending  outside 
the  double  barriers  which  amplifies  this  difference. 

The  simplest  model  for  resonant  tunneling  including 
temperature  was  developed  by  Tsu  and  Esaki  [7].  It 
assumes  that  the  emitter  and  well  masses  are  equal. 
Recently,  this  was  extended  to  include  unequal  masses 
thus  incorporating  the  Type  II  case  [5].  The  resulting 
formula  for  the  I(V)  (due  to  elastic  tunneling  only)  is 
the  following: 


/  = 


1  +e(EF-u)/kr 

l  +e(EF-U-eV)/kf 


Vp  =  2(Er  —  Epj  ai) 

Vy  =  2ER  (1) 

Er  is  the  energy  of  the  resonance  above  the  emitter 
conduction  band  edge  at  zero  bias.  This  becomes  the 
following  in  the  Type  II  case  (assuming  ER>  Ep): 

Vq  =  2(Er  —  Ep/ajj ) 


1  +e(EF-aU-eV)/kT\ 

1  +e(EF-aU)/kT  )  ^ 

Substituting  a  Lorentzian  lineshape  for  the  trans¬ 
mission  coefficient,  t(U),  allows  a  simple  comparison 
of  the  Type  I  and  Type  II  cases.  Fig.  4  shows  an 
example  with  raE~0.04,  |raw|  =  0.05,  T  =  77  K, 
1sf  =  0.05,  and  £R  =  0.1,  with  energy  in  eV  and  mass  in 
units  of  the  free  electron  mass.  AKPEak  indicates  the 
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decrease  in  the  peak  voltage  for  the  RITD  as  com¬ 
pared  with  the  RTD. 


3.  SPICE  formulation 


Eq.  (3)  can  be  simplified  by  assuming  that  the  trans¬ 
mission  resonance  width  is  much  less  than  the  thermal 
energy,  kT,  and  the  Fermi  energy,  EF.  The  integral  of 
the  Lorentzian  transmission  produces  a  step-like  arc¬ 
tangent  function  which  indicates  whether  the  emitter 
conduction  band  edge  is  above  or  below  the  resonance 
energy.1  The  width  of  the  step  is  on  the  order  of  the 
width  of  the  resonance.  An  earlier  version  of  a  SPICE 
compatible  formula  for  the  RTD  I(V)  characteristic 
assumed  that  the  emitter  and  well  masses  are  equal  [8]. 
This  is  not  even  approximately  true  for  the  RITD  due 
to  the  change  in  sign  of  the  masses.  It  is  also  in¬ 
adequate  for  the  RTD,  because  the  well  quantization 
effect  usually  increases  the  mass  in  the  well  signifi¬ 
cantly  [5].  In  this  earlier  formula  the  width  of  the  res¬ 
onance  directly  contributed  empirically  to  determining 
the  voltage  width  of  the  negative  resistance  region. 
However,  resonance  widths  are  typically  on  the  order 
of  a  millivolt  or  less,  much  less  than  the  observed 
negative  resistance  region  widths.  It  is  now  understood 
from  the  above  that  the  effective  mass  difference  and 
the  emitter  Fermi  level,  not  the  resonance  width,  is 
more  appropriate  in  determining  the  negative  resist¬ 
ance  region  width,  as  seen,  for  example,  in  Eqs.  (1) 
and  (2)  for  Vy—VR.  Thus,  the  arctangent  can  be 
replaced  by  a  truly  abrupt  step  function  and  the  fol¬ 
lowing  analytic  form  for  the  RITD  I(V)  results 
(including  a  diode-like  exponential  term  for  the  I(V) 
beyond  the  resonance): 


I(V)  =  —na  log 


( 


1  +Q{h-c+,hV)/kT 
1  +  Qib-c-m  V  )/kT 


1  _l  e(A-(f-#i,  V  )a—2ii]  V  )/kT  \ 

1  +e(b-(c-,nv)y.)/kT  J  +  h(ell2V/kT  ~  1)  (4) 

Here,  the  physical  quantities  EF  and  ER  have  been 
replaced  by  the  empirical  parameters  b  and  c ,  respect¬ 
ively.  n i  helps  to  represent  band  bending  effects.  It  rep¬ 
resents  the  fraction  of  the  applied  voltage  at  the  center 
of  the  well,  1/2  in  the  simplest  approximation.  This 
replacement  of  the  physical  quantities  by  empirical 
ones  acknowledges  that  this  extended  Tsu-Esaki 
framework  is  too  simple  to  model  actual  resonant  tun¬ 
neling  devices,  but  that  it  accurately  captures  the  essen- 


1  Eq-  (6)  in  Ref.  [5],  There  is  a  typographical  error:  ‘—1/2’ 
should  be  ‘+  1/2’  before  the  arctangent  term. 


Voltage 


Fig.  5.  Empirical  analytic  RITD  7(F)  curve  without  (solid) 
and  with  (dashed)  resonance  broadening  term.  Data  are  the 
dots.  The  curve  is  normalized  to  F=/at  the  I(V)  peak. 


tial  physics  and  thus  the  form  of  the  I(V)  relationship. 
The  explicit  negative  sign  preceding  the  first  term 
comes  from  the  negative  value  of  raw  whose  magnitude 
is  otherwise  included  in  the  prefactor  a  (positive  by 
convention)  [5].  The  log  is  also  negative  and  thus  the 
overall  contribution  is  positive.  The  sign  should  be 
changed  to  be  explicitly  positive  for  the  mw  >  mE  Type 
I  RTD  case,  and  the  log  is  also  then  positive.  Again, 
the  0  <  raw  <  mE  case  requires  modifications  which 
will  not  be  discussed  here. 

The  solid  line  in  Fig.  5  plots  an  example  of  Eq.  (4) 
for  a  typical  Type  II  RITD  case.  The  I(V)  is  normal¬ 
ized  to  peak  voltage  and  current  of  1.0.  A  shortcoming 
can  be  seen  in  the  valley  current  region.  The  log  term 
in  Eq.  (4)  goes  strictly  to  zero  when  the  voltage 
approaches  the  resonance,  V=VR  =  c/nl  in  this  nota¬ 
tion.  This  is  correct  but  incomplete,  in  that  various 
mechanisms  such  as  interface  roughness  and  scattering 
broaden  the  resonance  voltage.  The  following  function 
can  be  substituted  for  V  to  include  the  broadening 
empirically: 

Ks=  VR-s  log(l+e-<K-^')  (5) 

Vs  has  the  simple  property  that  it  is  very  close  to  V  for 
K  <  Vr,  and  asymtotically  approaches  VR  for 


Fig.  6.  Broadening  function  V&  =  VR— s  Iog(l  -fe-^-*'*^). 
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V>  VK,  as  shown  in  Fig.  6.  The  transition  region  is  on 
the  order  of  5.  Any  similarly  behaved  function  can  also 
be  used.  The  effect  of  this  function  is  to  broaden  the 
resonance  and  avoid  the  condition  of  zero  current.  The 
dashed  curve  in  Fig.  5  illustrates  the  resulting  more 
realistic  behavior,  with  s  =  0.308  for  this  case.  This 
approach  is  also  effective  for  RTDs  with  mw>mE, 
including  the  case  where  mw  approaches  mE  (large 
positive  a). 

An  application  of  this  formula  to  measured  RITD 
I(V)  data  is  shown  in  Fig.  5.  The  parameters  for  Fig. 
5  were  fit  using  a  least  square  routine,  with  the  peak 
and  valley  voltages  and  currents  emphasized,  as  well  as 
the  slope  near  V  =  0.  The  T  —  0  limit  of  Eq.  (4) 
(ignoring  the  diode  term)  provides  useful  initial  guesses 
for  the  parameter  values.  Recognizing  that  the  T  =  0 
limit  is  derived  by  replacing  the  log(l+ex)  terms  with 
x6(x ),  (6  is  the  step  function)  in  Eq.  (4)  produces  the 
triangular  form  seen  in  Fig.  3.  The  following  simple  re¬ 
lationships  in  this  limit  are  then  easily  derived  from 
the  RITD  case: 

V0  =  (coc  -  b)/oui\ 

VP  =  (c  -  b)/n  i 
J/y  =  c/n\ 

Ip  =  abn(a  -  l)//c T  (6) 

Ip  is  the  peak  current.  Initial  guesses  for  the  diode 
term  parameters,  h  and  n2- >  can  be  obtained  by  fitting 
to  the  I(V)  beyond  the  valley  voltage  separately. 
Further  refinement  of  all  the  parameters  is  then  accom¬ 
plished  using  the  least  squares  software. 

4.  Conclusions 

A  simple  framework  is  provided  that  demonstrates 
the  lower  characteristic  voltages  of  Type  II  RITDs  as 
compared  with  Type  I  RTDs.  An  extension  of  the 
Tsu-Esaki  model  for  differing  emitter  and  quantum 
well  masses  is  used  to  derive  an  analytic  formula  for  a 
description  of  both  the  RTD  and  RITD  I(V)  curves. 
This  formula  (Eqs.  (4)  and  (5))  improves  on  a  previous 


version  [8]  in  that  the  negative  resistance  region  is 
empirically  related  to  the  effective  mass  ratio  and  the 
Fermi  level  instead  of  to  the  width  of  the  resonance. 
The  previous  version  assumed  equal  effective  masses  in 
the  emitter  and  well  which  is  not  realistic,  especially 
for  the  Type  II  case.  Even  though  measured  I(V)  data 
can  be  adequately  fit  using  the  previous  version,  this 
new  more  physically  correct  form  allows  for  an  empiri¬ 
cal  fit  in  which  the  parameters,  derived  from  resonance 
energies,  Fermi  levels,  etc.,  have  more  realistic  physical 
values  and  a  clearer  relationship  to  the  form  of  the 
measured  7(F).  This  provides  a  natural  initial  guess 
for  the  parameter  values  which  leads  to  quicker  con¬ 
vergence  and  less  variability  in  the  results  of  the  least 
square  fit  for  the  refined  values.  At  this  stage  the 
resulting  parameter  values  must  still  be  regarded  as 
purely  empirical.  However,  it  is  hoped  that  this 
improved  realism  will  eventually  provide  a  closer  con¬ 
nection  between  the  physical  values  and  the  empirical 
parameter  values.  This  might  be  achieved,  for  example 
by  using  a  full  quantum  transport  calculation  [9]  to 
develop  semi-empirical  rules  for  relating  the  physical 
and  empirical  values. 
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Abstract 

SiGe-HBTs  are  the  most  favored  candidates  for  mobile  communication  systems.  They  demonstrated  excellent 
high  frequency  and  noise  performances  on  research  level,  but  now  the  production  era  of  SiGe  technologies  is 
starting.  First  production-ready  SiGe-DECT  front-end  will  be  presented  including  an  LNA  with  a  typical  noise 
figure  of  1.6  dB  and  a  gain  of  20  dB,  and  a  power  amplifier  with  27.5  dBm  output  power  and  up  to  47%  on 
packaged  devices  at  1.9  GHz.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Silicon  Germanium  heterobipolar  transistors  (SiGe- 
HBTs)  offer  the  opportunity  to  fabricate  high  perform¬ 
ance  ICs  for  mobile  communication  systems  in  the  1- 
10  GHz  range,  e.g.  GSM,  DECT,  DCS,  PCS  1800, 
WLANs  and  SAT  TV  as  depicted  in  Fig.  1.  The  great¬ 
est  progress  with  SiGe  for  rf  circuits  are  made  in  ana¬ 
log  and  mixed  signal,  e.g.  in  low  noise  amplifiers 
(LNAs),  power  amplifiers  (PA),  mixers,  frequency  divi¬ 
ders,  voltage  controlled  oscillators  (VCOs)  and  phase 
locked  loops  (PLLs).  In  addition,  the  fabrication  of 
high  frequency  analog  to  digital  and  digital  to  analog 
converters  (ADCs  and  DACs)  are  also  reasonable  cir¬ 
cuits,  concerning  also  direct  conversion. 

The  physical  advantages  of  SiGe  over  pure  silicon 
for  these  applications  are  mainly  the  extremely  high 
cutoff  frequencies  with  record  values  from  research 
HBTs  of  /T  =  1 30  GHz  [1]  and  /max  =  160  GHz  [2], 
leading  to  ECL  gate-delays  of  ring  oscillators  down  to 
9.3  ps  [3].  The  good  high  frequency  noise  performance 
with  rf-noise  figures  of  0.9  dB  at  10  GHz  [4]  empha¬ 
sizes  the  potential  of  SiGe-HBTs  for  mobile  communi- 


*  Tel.:  +49  7131  672796;  fax:  +49  7131  672933. 
Andreas .  schueppen  @  temic-semi.de 


cation  systems.  In  addition,  the  good  low  frequency 
noise  behaviour  of  SiGe-HBTs  with  corner  frequencies 
below  1  kHz,  due  to  the  high  quality  surface  passiva¬ 
tion  on  the  pn-junctions  by  thermal  Si02;  which  does 
not  exist  on  III/V  semiconductors  (Fig.  2).  This  is  very 
important  for  large  scale  integration  and  for  high  qual¬ 
ity  oscillators. 

Furthermore,  an  important  argument  for  using 
HBTs  in  wireless  applications  is  the  high  power  added 
efficiency  (PAE)  at  low  DC-voltages,  which  allows  a 
low  voltage  battery  power  supply  and  a  long  up-time 
for  the  hand  held  systems.  From  the  economic  point 
of  view  it  should  be  pointed  out,  that  a  standard  Si 
production  line  and  the  most  of  the  standard  bipolar 
process  modules  can  be  used  for  SiGe  device  fabrica¬ 
tion.  This  results  in  low  cost  production  with  high 
yield  and  excellent  reliability. 


2.  Two  HBT  concepts 

In  principle,  there  exist  two  types  of  SiGe-Bipolar 
Transistors:  type  1  the  box-shaped  real  SiGe-HBT, 
favored  by,  for  example,  Daimler-Benz  [5],  TEMIC, 
NEC  and  Philips  and  type  2  the  triangular  shaped 
SiGe-Drift  transistor,  favored  by,  for  example,  IBM  [6] 
and  Siemens.  In  the  literature  both  types  are  called 
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1  GHz  2  GHz  5  GHz  10  GHz 

I  I  II 


Fig.  1.  Application  domains  of  Silicon  Germanium. 


SiGe-HBT.  However,  the  box-shaped  type  has  a  lot  of 
advantages  over  the  transistor  with  triangular 
Germanium  profile.  Due  to  the  inversion  of  the  doping 
between  base  and  emitter,  i.e.  the  base  doping  is  higher 
than  the  emitter  doping  in  contrast  to  a  standard 
homo  junction  bipolar  transistor  and  also  in  contrast 
to  the  drift  field  HBT,  the  base  sheet  resistance  of  the 
real  HBT  is  up  to  10  times  smaller  than  in  a  rf-BJT,  as 
shown  in  Fig.  3.  For  that  reason  the  total  base  resist¬ 
ance  is  lower  in  real  SiGe-HBTs  leading  to  higher  /max, 
higher  power  gain  and  a  lower  high  frequency  noise 
figure  comparing  transistors  with  the  same  emitter  geo¬ 
metry.  This  yields  a  more  independent  fT  and  /max 
behavior  for  different  emitter  widths  (Fig.  4).  In  ad¬ 


dition,  the  position  of  the  emitter-base  junction  is 
defined  by  the  epitaxy  and  not  by  a  critical  high  tem¬ 
perature  outdiffusion  process  from  a  poly  emitter.  In 
the  box-shaped  version  the  emitter-base  diode  can  be 
easily  used  as  varactor  diode  for  oscillators  owing  to 
the  low  tunneling  leakage  currents  and  the  higher 
breakdown  voltage. 


3.  The  SiGel-technology 

TEMIC’s  production  technology  originates  from  the 
Daimler-Benz  differential  SiGe  research  technology 
with  box-shaped  SiGe  profiles.  TEMIC’s  SiGel  is  in 


Fig.  2.  Low  frequency  noise:  corner  frequencies  vs  transit  frequencies  for  Si,  SiGe  and  III/V  devices. 
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SiGe  BASE  WIDTH  [nm] 


Fig.  3.  Low  base  sheet  of  SiGe-HBTs. 

principle  a  double  poly  technology  including  as  special 
feature  npn  HBTs  with  and  without  selectivity 
implanted  collectors  (SIC)  on  the  same  wafer  [7].  The 
SiGe-HBTs  reveal  transit  frequencies  of  30  GHz  with 
BVC eo  =  6  V  and  50  GHz  with  BVC eo  =  3  V,  respect¬ 
ively  (Figs.  4  and  5).  The  latter  HBTs  includes  a  SIC 
with  a  doping  concentration  of  1  x  1017  cm-3. 

In  addition,  spiral  inductors,  nitride  capacitors,  three 
types  of  poly  resistors,  a  LPNP,  rf-  and  dc-ESD  pro¬ 
tection  and  varactor  diodes  are  incorporated  in  the 
present  technology.  In  order  to  grow  the  monocrystal¬ 
line  SiGe  epitaxial  layers,  TEMIC  uses  a  single  wafer 
reactor  from  Applied  Materials,  which  was  well 
proofed  by  homo  silicon  epitaxy.  The  homogenity  of 
the  epitaxial  films  over  the  wafer  and  the  lots  is  in 
both  cases,  thickness  and  Ge  content,  better  than  ±5% 


Fig.  5.  SiGe-HBT  with  0.8  x  20  pm2  emitter  size  with  and 
without  selectivity  implanted  collector  (SIC).  vCb  =  0  and 
1.8  V. 


as  shown  in  Fig.  6,  measured  by  X-ray  diffraction.  The 
technology  is  planar  and  comparable  in  terms  of 
masks  and  costs  to  a  standard  double  poly  Si  BJT  pro¬ 
cess.  SiGel  is  well  suited  for  large  scale  integration 
(LSI),  as  nicely  demonstrated  in  Fig.  7,  which  shows  a 
wafer  mapping  of  10  k  transistor  arrays  over  a  typical 
6  in.  wafer.  To  demonstrate  the  performance  of  multi 
finger  power  devices,  HBTs  with  different  emitter  num¬ 
bers  were  investigated.  The  effective  emitter  size  of 
each  finger  is  1.6  x  30  pm2.  On  each  side  of  the  emitter 
is  a  base  contact  in  order  to  achieve  a  low  base  resist¬ 
ance  and  a  collector  finger  contact  is  placed  between  a 
group  of  base  and  emitter  contacts.  To  achieve  homo- 
genious  current  distribution  for  all  emitters,  a  4  Q  bal¬ 
last  resistance  is  inserted  in  series  to  each  emitter.  The 
large  signal  analysis  was  carried  out  by  an  on-wafer 
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Fig.  4.  SiGe-HBTs  with  highly  doped  base  are  nearly  independent  on  the  emitter  width  for  both  fT  and /max. 
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days 

Fig.  6.  Statistical  process  control  (SPC)  of  the  SiGe  LPCVD 
epitaxy  by  monitoring  the  base  germanium  content  over  3 
months  (each  third  day  one  wafer). 

loadpull  measurement  setup  from  ATN.  Pout,  power 
added  efficiency  (PAH)  and  gain  of  a  10  emitter  device 
with  output  matching  for  the  fundamental  frequency 
1.9  GHz  and  2nd  harmonic  is  shown  in  Fig.  8.  The 


Fig.  7.  Gummel  plot  wafer  mapping  of  10  k  transistor  arrays 
with  0.8  x  1.6  pm2  SiGe-HBTs:  y-axis:  1  pA-100  mA,  x-axis: 
0.2-1  V. 


2nd  harmonic  tuning  leads  to  a  8%  higher  efficiency 
achieving  a  value  of  62%.  The  results  of  the  10,  20,  40 
and  80  emitter  devices  show  that  the  power  scales  with 
the  number  of  emitters,  i.e.  21,  24,  27  and  30  dBm. 
The  parameters  of  the  SiGel-technology  are  summar¬ 
ized  in  Table  1. 


4.  Research  circuits  with  SiGe-HBTs 

On  researh  level  a  couple  of  circuits  were  investi¬ 
gated  in  the  last  few  years  since  the  technology  break¬ 
through  of  SiGe-HBTs  in  1989  [8]  and  1990  [6],  re¬ 
spectively,  e.g.  digital  to  analog  converters  (DACs) 
[9,10],  optical  transmitter  circuits,  transimpedance 
amplifiers  for  optical  fibre  links  [11-14]  and  demulti¬ 
plexer  [15,16].  An  example  of  a  wideband  amplifier 
fabricated  by  Daimler-Benz’s  research  technology  is 
shown  in  Fig.  9.  This  two  stage  amplifier  reached  a  3 
dB  bandwidth  of  18  GHz  with  a  power  gain  of  10  dB 
[17]. 

For  wireless  high  frequency  systems  VCOs  at  11,  26 
and  40  GHz  were  investigated  [18,19].  A  hybrid  10 
GHz  DRO  using  TEMICs  SiGe-HBTs  reached  a  very 
low  phase  noise  of  -115  dBc/Hz  at  10  kHz  off-carrier, 
as  depicted  in  Fig.  10,  owing  from  the  low  trap  density 
of  the  bulk  Si/SiGe/Si  and  the  good  surface  passiva¬ 
tion  by  thermal  oxide  [20].  Additionally,  Gilbert  cell 
mixers  [21],  a  return-to-zero  comparator  [22]  and  a 
couple  of  dividers  [23,24]  were  fabricated  with  SiGe 
technologies.  Until  now,  the  fastest  circuit  in  SiGe  is  a 
42  Gb/s  static  frequency  divider,  which  was  fabricated 
by  Siemens’  technology  with  a  design  from  Rein  et  al. 
[24].  A  more  exotic  SiGe  application  is  the  SPDT  T/R 
antenna  switch  in  [25].  Very  important  rf-circuits  are 
LNAs  and  PAs,  i.e.  the  rf  front-ends,  which  were  only 
fabricated  by  TEMIC  until  now.  Erben  et  al.  (private 
communication)  have  designed  three  types  of  LNA-ICs 
for  1-2  GHz,  for  5.8  GHz  and  for  10  GHz  using  the 
SiGel  technology.  The  2  GHz  LNA  achieved  an  associ¬ 
ated  gain  of  12-18  dB  and  a  noise  figure  of  0.9  dB  for 
the  whole  circuit.  The  5.8  GHz  circuit  revealed  a 
record  noise  figure  of  1.6  dB  at  5.8  GHz  and  a  gain  as 
high  as  26  dB  by  the  two  stage  approach.  The  10  GHz 
LNA  has  to  be  optimized  in  the  future  (Fig.  11). 


5.  Commercial  SiGe-ICs 

Nevertheless,  at  the  moment  the  biggest  market 
share  for  SiGe  is  to  be  seen  in  wireless  communication 
systems  in  the  1-6  GHz  range.  Hence,  mixers,  GSM 
power  modules,  dual  band  frontends  for  GSM  and 
PCS  1800  and  DECT  front-ends  are  in  the  focus. 
DECT  front-ends  including  LNAs  with  1.5  dB  noise 
figure  and  20  dB  gain  combined  with  a  28  dBm  power 
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Fig.  8.  Load  pull  measurement  at  1.9  GHz  of  a  SiGe  power  HBT  with  10  x  1.6  x  30  pm2  emitter  area  at  vCE  =  3.6  V. 


Table  1 

Summary  of  the  essential  parameters  of  the  SiGel  technology 

Parameter  (unit) 

NPN  transistor 

Transit  frequency,  fT  (GHz) 

Max.  frequency  of  oscillation,  /max  (GHz) 

Current  gain,  hPE  (I) 

Early  voltage,  Va  (V) 

Collector  emitter  breakdown  voltage,  BVc eo  (V) 

Collector  base  breakdown  voltage,  BVqvio  (V) 

Noise  figure  at  2  GHz,  Fmin  (dB) 

LPNP 

Collector  emitter  breakdown  voltage,  BVCe o  (V) 

Current  gain,  hEE  (I) 

Typical  collector  current,  7Cp  (pA) 

Passive  devices 

High  ohmic  poly  resistor  (polyl),  Rh  (O/sq) 

Medium  ohmic  poly  resistor  (poly 2),  RM  Wsq) 

Low  ohmic  poly  resistor  (polyl -TiSi2),  RE  (£ty sq) 

Precision  MIM  capacitor,  Cspec  (fF/pm2) 

Spiral  inductor  4  nH,  Q-v alue  at  2  GHz,  O  (I) 

ESD  Zener  diode,  parasitic  capacitance,  (pF) 

RF-ESD  diode,  parasitic  capacitance,  (pF) 
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Fig.  9.  Wideband  amplifier  with  18  GHz  bandwidth  and  10  dB  gain  (cowork  from  Daimler-Benz  Research  Center  and  University 
of  Ulm).  J 
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Fig.  10.  10  GHz  Dielectric  Resonat  Oscillator  (DRO)  revealing — 115  dBc  phase  noise  at  10  kHz  off-carrier  [20]. 
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Fig.  11.  rf-Noise  figures  and  associated  gain  of  high  perform¬ 
ance  LNAs  at  1.8,  5.8  and  10  GHz. 


amplifier  with  47%  PAE,  measured  over  the  whole 
packaged  device,  are  production  ready  (Figs.  12-15). 
The  PA  works  between  2.5  and  4.0  V  with  nearly  con¬ 
stant  output  power.  The  demoboard  for  the  complete 


Fig.  13.  Three  complete  stages  DECT-PA  for  2.7-3. 6  V  oper¬ 
ation  in  a  SSO20  package  (loadpull  measurement),  reaching  a 
gain  of  25  dB,  an  output  power  of  28  dBm  and  a  PAE  of 
47%  at  1.9  GHz. 

DECT  chip-set,  including  two  Si  chips  and  one  SiGe 
front-end  IC  are  shown  in  Fig.  15.  In  addition,  there 
exist  some  functionable  higher  integrated  customer  ICs 
using  SiGel. 


6.  Conclusions 

At  the  moment  two  HBT  concepts  exists.  Both  show 
good  circuit  results.  However,  it  seems  that  the  graded 
SiGe  profile  already  reached  its  optimum  performance, 
whereas  the  box-shaped  HBT  can  be  improved  by 
using  carbon  in  the  base  to  suppress  the  boron  diffu¬ 
sion.  The  first  commercial  SiGe  ICs  are  ready  and  the 
first  customers  trust  them  to  buy.  The  frequency  limit 
for  the  commercial  applications  of  SiGe  is  not  fr  or 
/max,  the  challenge  is  the  handling  of  the  package  para- 


Fig.  12.  Chip-Foto  of  the  SiGel  DECT  front-end,  including  LNA,  PA  and  T/R  switch  control. 
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Fig.  14.  LNA  of  the  SiGel  DECT  front-end  with  1.6  dB  noise 
figure  and  20  dB  associated  gain. 


sitics,  hence  the  next  SiGe-ICs  above  2.4  GHz  will  be 
mounted  by  flip-chip  or  chip  scale  packaging. 

However,  now,  there  is  a  frequency  and  time  slot  for 
SiGe,  but  CMOS  does  not  wait. 
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Abstract 

n-  and  p-Type  SiGe  HFETs  exhibit  advanced  performance  especially  favourable  for  RF-applications.  Due  to 
strained  channels  high  carrier  mobilities  at  room  temperature  (2700  and  1870  cm 2/V  s)  and  large  sheet  carrier 
densities  (ws  =  6.4  x  1012  cm*2  and  /?s  =  2. 1  x  1012  cm*2)  have  been  achieved.  For  the  n-MODFET  ( LG>  =150  nm) 
tensile  strained  Si  channels  embedded  in  SiGe  layers  lead  to  a  maximal  gme  of  476  mS/mm  and  to  cut-off 
frequencies  of  /t  =  43  GHz  and  fm ax  =  92  GHz.  The  best  results  for  p-type  HFETs  were  attained  for  a  pure  Ge 
channel  MODFET  with  /t  =  32  GHz  and  /max  =  85  GHz.  Analog  and  digital  circuit  realizations  for  the  n-MODFET 
resulted  in  a  transimpedance  amplifier  yielding  a  Z2\  of  56  dB  Q  at  a  bandwidth  of  1.8  GHz  and  an  inverter  with  a 
gate  delay  of  25  ps.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

The  introduction  of  SiGe  offers  the  possibility  of 
band  gap  engineering  in  the  Si  system  and  thus  the  re¬ 
alization  of  n-  and  p-type  hetero  FETs,  both  with 
enhanced  performance.  Tensile  strained  Si  films  on 
strain  relieved  SiGe  buffer  layers  enable  the  formation 
of  electron  quantum  wells  which  exhibit  enhanced  elec¬ 
tron  mobilities.  Compressively  strained  SiGe  or  even 
pure  Ge  layers  can  be  used  to  create  two-dimensional 
hole  channels.  Room  temperature  mobilities  of  up  to 
2900  and  1870  cm2/V  s  have  been  achieved  in  2D  elec¬ 
tron  and  2D  hole  channels,  respectively  [1,2].  In  con¬ 
trast  to  III-V,  SiGe  offers  compatibility  with  the  well- 
established  Si  technology  and  its  capability  for  low 
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cost  mass  production  [3].  This  means  especially  the 
natural  oxide,  which  can  be  grown  on  a  Si  capped 
SiGe  hetero  structure  and  thus  enables  the  fabrication 
of  MOS  gated  hetero  FETs.  The  combination  of  high 
performance  n-  and  p-type  SiGe  hetero-MOSFETs  to 
a  complementary  circuit  arrangement  promises  the  re¬ 
alization  of  advanced  analog  and  digital  high  speed 
circuits  [4-6]. 


2.  Technology 

The  basic  layer  structure  of  the  n-MODFET  [7]  is 
grown  by  molecular  beam  epitaxy  (MBE)  on  p“-sub- 
strate  with  p  >  1000  Q  cm  starting  with  a  relaxed  SiGe 
buffer  layer  whose  Ge  content  is  linearly  graded  to 
40%.  The  core  of  the  layer  structure  is  the  9  nm  thick 
biaxially  strained  Si  channel  embedded  in  undoped 
Si0.6Ge0.4  spacers  which  separate  the  following  carrier 
supply  layers  from  the  channel.  Due  to  a  Ge  content 
of  40-45%  in  the  SiGe  layers,  a  high  conduction  band 
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Sio.7Ge0,3  buffer  Si^Ge,,*  buffer 

Fig.  1.  Layer  structure  of  n-type  SiGe  MODFETs  (a),  p-type  Si03Ge07  channel  MOSFETs  (b)  and  p-type  Ge  channel  MODFETs 

(c). 


offset  [8]  is  achieved  and  the  therefore  existing  quan¬ 
tum  well  enables  sheet  carrier  densities  up  to 
hs  =  6.4  x  1012  cm-2  and  electron  mobilities  up  to  2700 
cm2/V  s.  Fig.  1(a)  exhibits  a  cross-section  of  the  layer 
sequence  with  detailed  information. 

The  device  processing  of  the  n-MODFET  started 
with  the  formation  of  the  mesa  realized  by  dry  etching 
in  a  SF6/02-plasma.  The  ohmic  contacts  of  drain  and 
source  are  defined  by  ion  implantation  (P,  20  keV, 
2  x  10 15  cm“2)  followed  by  the  electrical  activation  of 
the  dopants  using  rapid  thermal  annealing  (30  s, 
625°C).  A  lift-off  process  of  Ti/Pt/Au  forms  the  metal¬ 
lisation  layer  of  the  ohmic  contacts.  The  asymmetri¬ 
cally  located  T-shaped  Schottky-gate  is  patterned  by  e- 
beam-lithography  and  consists  of  50  nm  Pt  and  300 
nm  Au  with  a  footprint  of  LG  =  250  nm.  In  the  case  of 
recessed  gates  prior  to  the  gate  metallisation  a  dry  etch 


process  is  performed  in  a  SF6/02-plasma  reducing  the 
distance  doc  between  gate  and  channel. 

For  the  p-type  HFETs  two  concepts  have  been 
under  investigation:  a  modulation  doped  HFET  with  a 
strained  Ge  channel  and  a  Si0.3Ge0.7  channel  hetero 
MOSFET,  making  use  of  the  native  oxide,  which  can 
be  formed  on  a  Si  capped  hetero  structure. 

These  samples  were  grown  by  molecular  beam  epi¬ 
taxy  (MBE)  on  high  resistivity  n-type  (100)  Si  sub¬ 
strate.  Fig.  1(b)  shows  the  structure  of  a  p-type  SiGe 
MOSFET.  The  compressively  strained  Si0.3Ge0.7  chan¬ 
nel  (10  nm)  with  a  hole  mobility  of  350  cm2/V  s  was 
grown  on  a  relaxed  Si0.7Ge0.3  buffer  and  capped  by  a 
thin  Si  layer  (7  nm).  The  3.5  nm  thick  gate  oxide  was 
formed  by  thermal  oxidation  of  the  Si  cap  layer  at 
750°C  in  an  H20  atmosphere.  Ohmic  contacts  were 
fabricated  by  a  BF^  implant  at  50  keV.  Finally,  the 
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Fig.  2.  Extrinsic  transconductance  as  a  function  of  the  applied 
gate  voltage  for  n-MODFETs  with  different  gate  to  channel 
distances. 


Fig.  3.  Measured  cut-off  frequencies  /t  (dotted  lines)  and  /max 
(solid  lines)  as  a  function  of  the  gate  voltage  and  recess  etch¬ 
ing  time. 


overlapping  Al  gate  and  the  contact  metallisation  were 
deposited. 

The  structure  of  the  Ge  channel  MODFET  is  shown 
in  Fig.  1(c).  The  9  nm  thick  strained  Ge  hole  channel 
is  grown  on  a  strain  relieved  SiGe  buffer  layer  with  a 
Ge  content  of  60%.  The  channel  is  followed  by  a  16 
nm  Si0.4Ge0.6  layer  and  a  4  nm  thick  Si  cap.  Two 
boron  doped  supply  layers  are  placed  above  (5  nm, 
8  x  1018  cm-3)  and  beneath  (5  nm,  2  x  1018  cm"3)  the 
channel.  The  sample  exhibits  a  low  sheet  resistance  of 
about  1300  Q/sq.  A  high  2D  gas  hole  mobility  of  1870 
cm 2/V  s  was  extracted  from  magnetic  field  dependent 
Hall  measurements  [9,10],  even  at  the  high  sheet  carrier 
density  of  2.1  x  1012  cm-2.  The  processing  started  with 
mesa  definition  by  dry  etching,  then  the  sample  was 
covered  by  200  nm  Si02,  deposited  by  CVD,  for  passi¬ 
vation.  In  the  active  transistor  areas  this  passivation 
oxide  was  removed  by  wet  chemical  etching.  The  T- 
shaped  Ti/Au  Schottky  gates  with  footprints  of 
TG  =  0.25  pm  were  structured  by  electron-beam-litho¬ 
graphy,  using  a  three  layer  resist  system.  To  form 
ohmic  contacts,  20  nm  Pt  was  evaporated  in  the  active 
areas.  In  the  gate  region  the  evaporated  Pt  was 
screened  by  the  250  nm  wings  of  the  T-shaped  gates, 
which  leads  to  a  quasi  self  aligned  structure  [11].  Then 
contact  pads  were  defined  by  deposition  of  Ti/Au. 


3.  n-Type  Si  channel  HFETs 

Enhanced  electron  mobility  in  strained  Si  layers 
compared  to  bulk  Si  offers  new  possibilities  for  high 
speed  semiconductor  devices  realized  by  the  n- 
MODFET  [12,13]. 

Dc-characterization  of  transistors  with  different 
Schottky-gate  to  Si-channel  distances  dGC  exhibit  a 
change  in  the  operation  mode  of  the  MODFET  from 


depletion  to  enhancement  [14].  The  three  solid  lines  in 
Fig.  2  (from  left  to  right)  show  the  dependence  of  gmc 
on  the  applied  gate  voltage  VG.  The  maxima  of  gme 
correspond  to  the  recess  etching  times  of  0,  10 
(dGC  «  12  nm)  and  20  s  (dGC  ~  20  nm)  and  reach 
285,  345  and  476  mS/mm  at  room  temperature,  re¬ 
spectively.  The  threshold  voltages  of  the  three  transis¬ 
tors  shift  with  dGG  from  Vth  «  —1.6-0  V.  Under 
reverse  bias  (VG<  Vth)  a  low  gate  leakage  current 
below  1  pA/mm  was  measured,  indicating  the  good 
quality  of  the  Schottky-gate  even  on  SiGe. 

Considering  the  RF-behavior  of  the  n-MODFETs 
(Fig.  3)  we  found  equal  values  for  the  unity  current 
gain  cut-off  frequency  ft  =  43  GHz  and  the  maximum 
frequency  of  oscillation  fmax  =  92  GHz  (the  highest 
reported  so  far)  for  the  unrecessed  transistor  and  that 
produced  with  a  10  s  recess  process.  These  frequencies 
were  extrapolated  at  FDS  =  2.5  V  and  operation  points 
of  VG  =  —  1  V  and  KG  =  0  V.  For  the  deepest  recess  the 
cut-off  frequencies  of  the  enhancement  MODFET  are 
reduced  to  ft  =  30  GHz  and  /max-5 2  GHz  due  to  the 
lower  drain  currents  and  the  increased  Cgs.  Fig.  4 


Fig.  4./t  and  /max  values  of  a  10  s  recessed  n-MODFET  as  a 
function  of  the  drain-source  voltage  at  VG  =  0  V. 
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Fig.  5.  Maximum  drain  current  as  a  function  of  gate  length 
for  various  p-type  hetero  FETs. 

shows  the  dependence  of  the  cut-off  frequencies  on  the 
applied  FDS  for  the  10  s  recessed  device.  /t  attains  the 
maximum  of  43  GHz  at  VG  =  0  V  and  FDS=1  V, 
exactly  at  the  peak  of  gme  and  saturates  for  higher 
FDS.  This  indicates  that  the  ratio  gm/Cgs,  which  has 
the  main  influence  on  /t,  remains  constant.  Since  gm 
decreases  for  FG>0  V  (see  Fig.  2),  Cgs  has  to  abate 
equally.  The  saturation  of  /max  occurs  at  92  GHz  for 
FDS>2  V.  This  high  frequency  value  results  from  the 
low  parasitic  source  resistance  of  7?s  =  0.18  Q  mm 
attributed  to  the  asymmetric  position  of  the  e-beam- 
gate  at  dSG  =  200  nm.  Additionally  we  found  an 
increasing  Rds  and  Cgs/Cgd  up  to  the  point  of  satur¬ 
ation  at  FDS  =  2  V,  so  that  /max  grows  far  above  /t. 
Finally  the  very  low  gate  resistance  (RG  =  250  Q 
mm-1)  of  the  thick  T-shaped  gate  has  a  significant  in¬ 
fluence  on  the  maximum  of  the  frequency  of  oscil¬ 
lation. 


gate  length  [pm] 


Fig.  6.  Extrinsic  transconductance  as  a  function  of  gate  length 
for  various  p-type  hetero  FETs. 


Fig.  7.  Gate  voltage  sweep  off  fT  and  /max  of  the  0.25  pm  gate 
length  Ge  channel  MODFET  at  FDS  =  - 1  V. 

4.  p-Type  SiGe  and  Ge  channel  FIFETs 

Fig.  5  shows  the  maximum  drain  saturation  current 
of  our  Si0.3Ge0.7  MOSFET  and  Ge  channel  MODFET 
as  a  function  of  the  gate  length.  In  case  of  the  hetero 
MOSFET  drain  current  values  of  up  to  650  mA/mm 
have  been  achieved  at  0.23  pm  gate  length.  For  the  Ge 
channel  MODFET  values  of  up  to  225  mA/mm  at 
Lg  =  0.8  pm  and  300  mA/mm  at  LG  =  0.25  pm  were 
measured.  Results  achieved  by  IBM  for  a  Si0.3Ge0.7 
channel  MODFET  [11,15]  are  shown  for  comparison. 
Here  the  drain  current  reaches  200  mA/mm  at  a  gate 
length  of  0.1  pm.  The  hetero  MOSFET  exhibits  the 
highest  current  values,  even  though  it  is  operating  in 
enhancement  mode  (FTh  =  -0.7  V).  This  is  due  to  the 
higher  gate  bias,  which  can  be  applied  over  the  gate 
oxide. 

Fig.  6.  shows  the  gate  length  dependence  of  the 
extrinsic  transconductance  of  the  devices.  The 
Si0.3Ge0.7  channel  MOSFET  exhibits  values  of  up  to 
210  mS/mm  at  a  gate  length  of  0.23  pm.  A  maximum 
transconductance  of  160  mS/mm  at  £G  =  0.25  pm  and 
125  mS/mm  at  LG  =  0.8  pm  was  achieved  for  the  Ge 
channel  MODFET. 

For  RF  characterization,  S-parameters  of  the  Ge 
channel  MODFET  were  measured  on-wafer  in  the 
range  of  2  to  40  GHz.  Fig.  7  shows  the  gate  bias 
dependence  of  the  unity  current  gain  frequency  /t  and 
the  maximum  frequency  of  oscillation  /max  at  FDS  =  -1 
V.  ft  shows  only  a  small  variation  and  saturates  at  32 
GHz  for  gate  voltages  higher  than  0.6  V.  /max  increases 
monotonously  for  increasing  VG  and  shows  a  maxi¬ 
mum  value  of  85  GHz  at  FG  =  0.8  V. 


5.  HFET  circuits 

The  exploitation  of  the  main  electrical  advantages  of 
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Fig.  8.  Transimpedance  Z2\  and  bandwidth  /_ 3dBQ  as  a  func¬ 
tion  of  VG  for  the  analog  circuit. 

the  n-MODET  (i.e.  high  saturation  current  ID sat,  large 
gme  and  high  cut-off  frequencies  /t  and  /max)  have  been 
the  aim  for  designing  analog  and  digital  IC  appli¬ 
cations.  Especially  for  RF-circuits  in  mobile-  and  satel¬ 
lite-communication  and  in  automotive  sensors  the 
MODFET  is  favourable. 

For  the  fabrication  of  the  analog  and  digital  circuits 
the  standard  process  technology  described  before  has 
to  be  extended  by  a  300  nm  thick  passivation-oxide 
and  a  second  metallisation  consisting  of  100  nm  TiW 
and  1  pm  Al  which  was  sputter-deposited  and  struc¬ 
tured  by  wet  etching. 


A  transimpedance  amplifier  for  transforming  current 
signals  into  amplified  voltage  signals  was  realized  [16]. 
These  kinds  of  amplifiers  play  an  important  role  in 
modern  communication  systems  as  front-end  receivers 
or  low  noise  amplifiers.  The  analog  circuit  consists  of 
two  functional  stages.  The  first  one  transforms  the 
incoming  current  into  a  voltage  using  a  single  transis¬ 
tor  common-source-stage  with  a  drain-to-gate  feedback 
realized  by  a  series  connection  including  a  capacitance 
and  a  feedback  resistor.  The  second  stage  amplifies  the 
output  voltage  of  the  transimpedance  stage  by  the  help 
of  a  common-source-circuit  with  two  parallel  n- 
MODFETs.  The  evaluation  of  the  amplifier  perform¬ 
ance  by  RF-measurements  showed  a  high  transimpe¬ 
dance  of  56  dB  Q  with  a  -3  dB  Q  frequency  of  1.8 
GHz  obtained  at  the  dc  operation  point  of  UDD  =  5  V 
and  VG  =  —  0.2  Y.  A  variation  of  the  operation  point 
around  the  previous  considered  peak  of  transconduc¬ 
tance  (see  Fig.  8)  led  to  the  crest  of  transimpedance 
Z2\  of  61  dB  Q  at  FG  =  -0.5  V  and  the  maximal  band¬ 
width  /_3dBn  of  2  GHz  at  VG  —  0A  V 

In  order  to  appraise  the  potential  of  the  n- 
MODFET  for  digital  IC  applications  inverter  circuits 
have  been  realized  [17].  The  basic  inverter  consists  of 
two  n-MODFETs.  The  first  one  is  the  current-driver 
with  W  =  100  pm,  dSG  =  0.  5  pm  and  180  and  300  nm 
gate  length.  The  second  transistor  is  ungated  and 
therefore  works  as  a  resistor  in  the  load  path.  Fig.  9 


Source  f— .  Time  Measurements  .  . . i  Clear  Next 

1  i  Freq  Period  Duty  Cy  Meas  Menu 


Fig.  9.  Input  and  output  signal  of  the  inverter  circuit. 
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shows  the  input  and  output  signal  of  the  inverter  stage 
operating  at  a  frequency  of  1  GHz  and  FDD  =  2  V. 
Applying  an  input  signal  of  600  ps  rise  time  the  circuit 
exhibited  a  delay  of  70  ps  for  LG  =  300  nm.  Inverters 
with  Lg=  180  nm  attained  a  gate  delay  of  25  ps  and  a 
maximum  output  voltage  swing  of  430  mV  at  an  input 
rise  time  of  150  ps.  The  delay  time  was  determined 
between  the  50%  input  and  output  signal  values,  tak¬ 
ing  into  account  the  different  RC-delays  of  the 
measurement  equipment.  For  standard  n-Si  MOS 
delays  at  respective  gate  lengths  are  above  30  ps. 


6.  Conclusion 

In  this  paper  we  present  n-  and  p-type  hetero  FETs 
based  on  MBE  grown  layer  structures.  Carrier  mobili¬ 
ties  and  cut-off  frequencies  of  p-SiGe  based 
MODFETs  are  now  comparable  to  those  of  n-type 
SiGe  based  MODFETs.  This  is  a  milestone  towards 
high  speed  complementary  HFET  circuits.  In  case  of 
n-type  MODFETs  first  circuit  applications  have  been 
demonstrated:  a  transimpedance  amplifier  with  a  band¬ 
width  of  1.8  GHz  and  an  inverter  with  a  gate  delay  of 
25  ps.  Further  improvements  in  the  performance  of  n- 
and  p-type  HFETs  are  expected  by  downscaling  and 
selfaligning  the  gates  of  the  device  and  by  a  reduction 
of  parasitic  series  resistances.  These  topics  are  under 
investigation  at  the  moment. 
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Abstract 

We  have  studied  the  influence  of  Si/SiGe/Si  profile  on  electrical  characteristics  of  a  self-aligned  SiGe-base 
heterojunction  bipolar  transistor  (HBT)  with  a  poly-crystalline  silicon  (polysilicon)  emitter.  Particular  attention  has 
been  given  to  a  collector-base  undoped  SiGe  intermediate  layer.  This  undoped  layer  acts  as  a  spacer  for  boron  out- 
diffusion  of  the  p  +-type  SiGe  to  the  «“-type  Si  collector,  during  heat  treatment  after  the  SiGe  base  formation.  The 
SiGe-base  was  selectively  grown  by  a  cold- wall  ultra-high  vacuum/chemical- vapor-deposition  (UHV/CVD) 
technique.  Using  both  low  temperature  oxide  (LTO)  as  a  passivation  film,  and  in-situ  phosphorus-doped  emitter 
polysilicon  for  suppressing  of  boron  out-diffusion,  a  15-nm- thick  undoped  layer  was  an  insufficient  boron  out- 
diffusion  spacer.  This  was  confirmed  by  measuring  the  cut-off  frequency,  /T,  characteristics.  With  a  30-nm-thick 
spacer  layer,  the  /T  of  the  SiGe  base  bipolar  transistor  increased  from  38  to  63  GHz.  ©  1999  Elsevier  Science  Ltd. 
All  rights  reserved. 


1.  Introduction 

In  order  to  obtain  a  higher  breakdown  voltage, 
BVC eo>  and/or  a  reduction  of  base  resistance,  RB,  an 
increase  of  the  doped  impurity  concentration  in  the 
base  of  bipolar  transistors  is  necessary.  When  this  con¬ 
centration  increases,  the  current  gain,  hFE  decreases. 
This  phenomenon  is  one  of  the  limitations  of  bipolar 
junction  transistors  (BJTs).  Because  of  this  limitation, 
HBTs  were  proposed  as  alternative  transistors  in  the 
1950  s.  In  HBTs,  the  band  gap  difference  A Eg(E-B) 
between  the  emitter  and  the  base  materials  can  com¬ 
pensate  for  the  decrease  of  hFE  [1,2].  Also,  HBTs,  with 
their  graded  bandgap  base,  can  reduce  the  base  transit 
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time  of  minority  carriers  tb,  because  they  have  an 
accelerating  drift  field  built  in  a  neutral  base  region  [3], 
Recent  advancement  in  Si-based  hetero-epitaxial 
growth  technology  [4]  has  opened  up  the  application 
of  heterostructures  to  Si  devices.  Wide-gap  emitter  Si- 
HBTs  [5,6],  have  been  studied  first,  because  of  their 
compatibility  to  state-of-the-art  double  polysilicon  self- 
aligned  Si- BJTs.  They  have  succeeded  in  increasing 
hFE.  The  emitter  transit  time  te,  one  of  the  com¬ 
ponents  of  the  cut-off  frequency  fy  can  be  decreased 
due  to  the  increase  in  hFE  [7].  However,  the  base  tran¬ 
sit  time  tb  cannot  be  decreased,  because  it  is  mainly 
determined  by  three  parameters,  such  as  the  base 
width  WB,  the  minority  carrier  diffusion  coefficient  Dm 
and  the  electric  field  E  in  the  neutral  base.  In  order  to 
form  the  ultra-shallow  base  junction,  which  leads  to  an 
increase  in  /T,  an  epitaxial  growth  technology  is  necess¬ 
ary.  A  graded  SiGe-base  HBT  has  succeeded  in 
increasing  /T  [8].  In  terms  of  the  emitter  formation 
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(3)  N+polySi 
(Emitter  electrode) 


P+polySi 
(Base  electrode)  n|^ 


N  -Si 
(Collector) 


(2)  CVD-Si02 
(HTO  or  LTO) 
Selective 
polycrystal 


II 

N+ 

f! _ l 

(1)  Selective  p-Si/graded  p-SiGe/undoped-SiGe 
(Intrinsic  base) 


Fig.  1 .  Schematic  cross-section  of  SiGe-HBT.  Selective  epitax¬ 
ial  base  has  triple  layers,  /?-Si//?-graded  SiGe/undoped-SiGe. 


method,  there  are  two  types  of  SiGe-base  HBTs.  One 
type,  the  SiGe-base  HBT,  like  the  III-V  HBT,  has  an 
epiaxially-grown  emitter  region.  That  is,  the  collector, 
the  base,  and  the  emitter  are  sequentially  grown  on  a 
substrate  by  a  molecular  beam  epitaxy  (MBE)  tech¬ 
nique,  and  useless  regions  are  removed  by  mesa-etch¬ 
ing.  A  low-temperature  CVD  film  is  used  as  the 
passivation  film  on  the  epitaxial  layer.  Consequently, 
as-grown  profiles  are  preserved  in  the  final  devices  [9- 
11].  However,  it  is  difficult  to  decrease  the  emitter  area 
for  low-current  operation.  The  other  type  of  SiGe- 
HBT  has  an  emitter  fabricated  by  the  diffusing  of  n- 
type  dopant  from  the  polysilicon.  In  Si  bipolar  transis¬ 
tors,  polysilicon  emitter  technology  is  very  attractive  in 
terms  of  self-alignment  and  enhancement  of  current 
gain  hFE  [12].  Furthermore,  higher  /T  can  be  simulated 
for  a  polysilicon  emitter  than  for  an  epitaxial  silicon 
emitter  as  is  the  case  for  the  emitter  in  graded  SiGe- 
base  transistors  [13].  However,  heat  treatment  of  the 
emitter  drive-in  simultaneously  causes  the  diffusion  of 
the  base  dopants  into  the  collector  region.  Therefore, 
the  as-grown  base  doping  profile  cannot  be  preserved 
in  the  final  profile  of  polysilicon-emitter  BJTs.  If  out- 
diffusion  of  boron  into  the  «~-type  Si  region  occurs, 
there  is  a  conduction  bandgap  difference  at  the  junc¬ 
tions,  which  has  an  undesirable  effect  for  the  electrons 
travelling  through  the  base  to  the  collector.  Minority 
carrier  electrons  injected  from  the  emitter  into  the  base 
were  prevented  from  travelling  by  the  hetero-interface 
positioned  in  the  base.  The  parasitic  energy  barrier  at 
the  interface  of  the  hetero-structure  causes  degradation 
of  electrical  characteristics,  for  example,  decrease  in 
hFE  and/p  [14-16].  This  paper  describes  an  experimen¬ 
tal  study  of  the  influence  of  the  collector-base  undoped 
intermediate  layer  on  electrical  characteristics  of 
double  polysilicon  self-aligned  SiGe-base  HBTs.  The 
study  is  aimed  at  eliminating  the  parasitic  energy  bar¬ 
rier  effect. 


Fig.  2.  Secondary  ion  mass  spectrometry  (SIMS)  profiles  of 
germanium  and  boron  in  the  base,  and  of  phosphorus  in  the 
emitter.  A  simulated  collector  profile  of  implanted  phosphorus 
is  also  added. 


2.  Experiment 

Selective  epitaxial  growth  (SEG)  technology  has 
many  attractive  points  which  make  it  suitable  for  ap¬ 
plication  to  transistors  [17].  The  intrinsic  base  of  the 
experimental  self-aligned  SiGe-base  bipolar  transistor 
shown  in  Fig.  1  was  fabricated  using  SEG  technology 
[18,19].  We  used  cold-wall  ultra-high  vacuum  (UHV)/ 
CVD  technology.  The  conditions  for  the  selective  epi¬ 
taxial  process  can  be  seen  in  detail  elsewhere  [20].  The 
Ge  profile  in  the  SEG  layer  is  trapezoidal.  The  Si/SiGe 
base  layer  was  composed  of  three  layers  [21].  The  first 
layer  on  the  Si  collector  was  an  undoped  (in  effect,  a 
p  “-type)  SiGe  layer  with  constant  Ge  content  to  act  as 
a  boron  out-diffusion  spacer  between  the  Si  collector 
and  the  p  +  base.  This  undoped  layer  was  doped  by 
selective  implantation  of  phosphorus  ions  after  SEG. 
The  second  layer  was  p  +-type  graded  SiGe.  The  upper 
layer  was  a  pure  Si  layer  in  which  the  emitter  dopant 
impurity  had  been  diffused  from  the  emitter  polysilicon 
film,  when  the  emitter  drive-in  was  carried  out.  The 
profiles  in  the  intrinsic  region  of  the  optimized  transis¬ 
tor  with  63-GHz-/t  are  shown  in  Fig.  2.  The  peak  Ge 


Fig.  3.  Main  process  flow  after  Si/SiGe  growth.  Three  points 
were  studied:  (1)  undoped  SiGe-layer  thickness,  (2)  CVD-Si02 
deposited  at  high  (>800°C)  or  low  (<700°C)  temperatures, 
and  (3)  emitter  polysilicon  dopant  (arsenic  or  phosphorus). 
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concentration  is  10  mol%.  A  simulated  phosphorus 
profile  implanted  into  the  Si-collector  is  also  shown. 
At  a  high  current  density,  we  studied  /T  degradation 
due  to  the  parasitic  barrier  effect.  First,  we  studied  the 
influence  of  process  temperature  (CVD  and  emitter 
drive-in).  Second,  we  studied  how  the  outcome  is 
affected  by  the  thickness  of  the  spacer  undoped  SiGe 
between  the  p+- type  graded  SiGe  and  the  w“-type  Si 
collector.  The  process  flow  after  the  selective  SiGe  epi¬ 
taxial  base  formation  is  illustrated  in  Fig.  3.  After  the 
epitaxial  base  was  selectively  grown,  a  Si02  sidewall 
for  separating  the  emitter  from  the  graft  base  region 
was  formed  by  Si02  deposition  and  subsequent  etch- 
back.  An  in-situ  doped  polysilicon  film  for  an  emitter 
electrode  was  deposited. 

2.1.  Spacer  thickness 

The  lattice  constant  of  a  SiGe  alloy  is  not  coincident 
with  that  of  Si.  The  strained/unstrained  transition  of 
SiGe/Si  is  determined  by  the  Ge  concentration,  its 
thickness,  and  by  the  heat  treatment  (temperature  and 
duration).  From  the  point  of  view  of  suppressing  col¬ 
lector-base  junction  degradation,  the  thinner  the 
undoped  SiGe  layer  used  as  the  boron-diffusion  spacer, 
the  better  the  junction  characteristics.  A  boron  diffu¬ 
sion  coefficient  in  SiGe  has  been  reported  [22-24],  and 
it  is  about  one  order  of  magnitude  smaller  than  that  in 
Si.  To  avoid  formation  of  the  parasitic  energy  barrier, 
optimization  of  the  thickness  of  the  undoped  SiGe 
layer  is  needed.  The  thickness  of  the  SiGe  spacer  layer 
between  the  Si-collector  and  the  p +  -graded  SiGe 
intrinsic  base  was  varied  from  15  to  30  nm. 

2.2.  Sidewall 

We  used  two  different  types  of  CVD  Si02  films  for 
electrical  separation  between  base  and  emitter  polysili¬ 
con,  and  for  passivation  of  the  epitaxial  base.  One  was 
high-temperature  oxide  (HTO)  and  the  other  was  low- 
temperature  oxide  (LTO).  The  deposition  temperatures 
of  HTO  and  LTO  were  >  800  and  <  700°C,  respect¬ 
ively.  This  temperature  difference  caused  different 
boron  profiles  in  the  as-grown  p  +  -type  graded-SiGe/ 
undoped-SiGe  (as  a  spacer)/^  “-type  Si-collector  het¬ 
ero-structure. 

2.3.  Emitter  polysilicon  impurities 

In  state-of-the-art  double-polysilicon  self-aligned  Si- 
BJTs,  arsenic  atoms  are  usually  used  as  the  emitter 
dopant  impurity,  because  a  steep  emitter  junction  can 
be  formed  by  arsenic  diffusing  from  the  polysilicon 
film  into  the  single-crystalline  silicon  region.  However, 
from  the  point  of  view  of  lowering  the  processing  tem¬ 
perature,  phosphorus  dopant  is  a  promising  emitter 


Fig.  4.  fj  versus  /c  characteristics  of  SiGe-HBT  with  a  para¬ 
sitic  barrier  and  Si  BJT  using  high  temperature  oxide  and  in- 
situ  arsenic  doped  emitter  polysilicon. 


impurity  for  SiGe-HBTs,  because  its  diffusion  coeffi¬ 
cient  is  higher  than  that  of  arsenic.  To  compare  the 
effect  of  emitter  dopant  impurities,  in-situ  arsenic- 
doped  and  phosphorus-doped  polysilicon  were  each 
used  for  the  polysilicon  electrode  of  the  emitter  in  the 
experimental  self-aligned  SiGe-base  HBTs.  Emitter 
drive-in  of  rapid  thermal  annealing  (RTA)  was  carried 
out  at  980°C  and  910°C  for  arsenic-doped  and  phos¬ 
phorus-doped  emitter  polysilicon,  respectively. 


3.  Results  and  discussion 


We  measured  the  cut-off  frequency  /T  versus  the  col¬ 
lector  current  Ic  characteristics  of  a  Si-BJT  and  a 
SiGe-HBT  (30-nm  undoped-SiGe  layer)  fabricated 
using  high  temperature  oxide  (HTO)  film  and  the  in- 
situ  As-doped  polysilicon  film.  They  have  the  same  as- 
grown  boron-doping  profile  in  the  SEG  layer.  As 
shown  in  Fig.  4,  the  measured  fT  for  the  Si  BJT  was 
28  GHz,  but  it  was  as  low  as  12  GHz  for  the  SiGe- 
HBT.  This  difference  cannot  be  explained  by  the  base 
width.  The  generalized  base  transit  time  tb  formula  is 
represented  as  [25], 


tb 


N*(y) 

£>n(y)n}(y) 


d y 


dz 


(1), 


where  notations  have  their  usual  meanings.  This 
equation  means  that  a  shallower  base  produces  a  smal¬ 
ler  base  transit  time,  if  other  parameters,  such  as,  WB, 
Dm  are  of  the  same  order.  We  can  expect  the  base 
widths  of  SiGe-HBTs  to  be  shallower  than  those  of  Si- 
BJTs,  because  the  boron  diffusion  coefficients  in  the 
SiGe  alloy  film  are  reported  to  be  about  one  order 
small  than  those  in  the  Si  film.  This  /T  difference  can 
be  explained  by  the  existence  of  an  energy  barrier  for 
the  current  flow.  The  potential  barrier  blocks  the  elec¬ 
tron  flow  injected  from  the  emitter  through  the  base  to 
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Fig.  5.  Current  gain  versus  temperature  of  the  same  SiGe- 
HBT  and  Si-BJT  as  shown  in  Fig.  4. 

the  collector,  and  consequently  the  injected  charge  is 
stored  in  the  base. 

The  effect  of  temperature  on  current  gain  hFE  for 
the  SiGe-HBT  and  the  Si-BJT  is  shown  in  Fig.  5.  The 
hFE  of  BJT  is  almost  independent  of  temperature.  The 
hFE  of  usual  Si-BJTs  has  been  known  to  decrease  with 
decreasing  temperature  because  there  is  a  bandgap 
difference  A Eg(E—B)  between  the  emitter  and  the  base 
caused  by  the  higher-doped  emitter  (this  is  known  as 
the  heavily-doped  bandgap  narrowing  effect).  The 
bandgap  difference  AEg(E—B)  decreases  as  the  base 
doping  concentration  for  the  narrow  base  width 
increases.  Base  boron  concentration  in  this  Si-BJT  was 
about  6  x  1018  cm-3,  which  was  high  enough  to  com¬ 
pensate  for  the  bandgap  narrowing  effect  in  the  emit¬ 
ter.  On  the  other  hand,  current  gain  in  the  SiGe-base 
HBT  decreased  steadily  with  decreasing  temperature. 
This  behavior  suggests  the  existence  of  a  thermionic 
potential  barrier.  The  potential  barrier  blocks  the  elec¬ 
tron  flow  through  the  base  to  the  collector. 

Next,  we  decreased  the  Si02  CVD  temperature  and 
used  the  in-situ  phosphorus-doped  emitter  polysilicon 
film  instead  of  the  arsenic-doped  polysilicon  film. 
There  was  a  meaningful  difference  in  the  breakdown 
voltages  of  transistors  with  15-  or  30-nm-thick  inter¬ 
layers  within  process  deviation.  BVqbo  were  7. 7-7. 8 
for  the  15-nm  interlayer  and  8. 0-8. 2  for  the  30-nm 
interlayer.  BVCEo  were  3.0-3. 3  and  3.2-3. 5  for  15  and 
30-nm,  respectively.  The  current  gain  (  =  65)  of  the 
HBT  with  a  15-nm-thick  undoped  layer  was  slightly 
smaller  than  that  (  =  82)  with  a  30-nm-thick  undoped 
layer.  The  remarkable  difference  in  the  DC  character¬ 
istics  was  the  reverse/forward  current  ratio,  7r/7f.  Here 
7r  and  7f  mean  collector  currents  for  reverse  and  for¬ 
ward  connection  at  the  same  bias  voltage,  respectively. 
7r/7f  had  a  positive  correlation  with  /T,  that  is,  it 
increased  with  increasing  /T.  For  example,  it  was  2.6- 
3.0  for  a  high  /T  transistor  and  0. 9-1.0  for  an  extre¬ 
mely  low  fx  transistor.  These  results  can  be  interpreted 
as  follows;  7r  decreased  in  the  transistor  which  had  a 


Fig.  6.  Current  gain  hFE  versus  temperature  T  for  transistors 
with  a  15-nm  or  a  30-nm-thick  undoped-SiGe  intermediate 
layer  between  a  /?+-type  SiGe-base  and  an  rc~-type  Si  collec¬ 
tor. 

parasitic  energy  barrier,  because  the  collector-base 
junction  was  a  homojunction.  The  hFE  versus  1/T 
characteristics  of  the  SiGe-HBTs  with  a  15-  or  30-nm 
undoped-SiGe  layer  are  shown  in  Fig.  6.  With  the  15- 
nm-thick  undoped  SiGe  spacer,  hFE  is  nearly  indepen¬ 
dent  of  temperature,  as  it  is  for  the  Si-BJT.  This  indi¬ 
cates  that  the  15-nm  thick  SiGe  is  insufficient  for  the 
boron  out-diffusion  spacer.  In  contrast,  the  hFE  of  the 
SiGe-HBT  with  the  30-nm-thick  spacer,  increases  as 
temperature  decreases.  Fig.  7  shows  the  /T  versus  the 
7C  characteristics  of  the  SiGe-HBTs.  A  maximum  cut¬ 
off  frequency  of  63  GHz  was  obtained  for  the  SiGe- 
HBT  with  the  30-nm  undoped  SiGe  spacer. 


4.  Conclusion 

We  studied  the  process  design  of  selectively-grown 
SiGe-HBTs.  Heat  treatment,  such  as  the  CVD  and  the 
emitter  drive-in,  caused  boron  out-diffusion  from  an 
epitaxially-grown  boron-doped  SiGe-base  layer  to  the 
w"-type  Si  collector.  This  made  the  energy  barrier  for 


Fig.  7.  fj  versus  7C  characteristics.  Emitter  area  is 
0.4  x  7.6  x  2  pm2.  The  collector  current  density  at  the  peak 
/T  is  about  1.2  x  105  A/cm2. 
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current  flow.  The  /T  of  a  SiGe-HBT  with  the  energy 
barrier  was  12  GHz  compared  to  an  /T  of  28  GHz  for 
a  Si-BJT,  in  spite  of  the  same  as-grown  boron  doping 
profile.  When  Si02  deposition  temperature  was 
reduced  to  <700°C,  the  temperature  dependence  of 
the  current  gain  was  changed.  A  maximum  cut-off  fre¬ 
quency  fr  of  63  GHz  was  obtained. 
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Abstract 

GalnAs/AlAs/InP  resonant  tunnelling  diodes  with  three  different  barrier  thicknesses  (3.5,  5.3,  and  7  nm)  were 
fabricated  by  metalorganic  vapor  phase  epitaxy  and  the  barrier  thickness  dependence  of  the  peak  current  density 
was  measured.  The  range  of  peak  current  was  from  100  to  0.1  A/cm2.  In  the  measurement  of  peak  current  density 
distribution,  the  deviations  of  peak  current  density  became  larger  when  the  barrier  became  thicker.  This  fluctuation 
of  peak  current  density  can  be  explained  by  the  thickness  fluctuation  of  the  barrier  in  the  wafer’s  millimeter 
range.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Recently,  integrated  circuits  with  a  combination  of 
resonant  tunneling  diodes  (RTDs)  and  other  electron 
devices  such  as  an  HEMT  have  exhibited  high-speed 
capabilities,  low  power  consumption,  and/or  multi¬ 
functionality  in  logic  circuits  [1-4].  A  Gain  As/ A1  As 
heterostructure  on  an  InP  substrate  is  the  most  promis¬ 
ing  for  RTD  materials  because  InP-based  electron 
devices  show  the  highest  speed  as  electron  devices  [5], 
while  AlAs  barriers  on  the  InP  show  a  high  peak  to 
valley  current  ratio  (PYR)  at  room  temperature  [6-11]. 
Metalorganic  vapor  phase  epitaxy  (MOVPE)  has  su¬ 
perior  characteristics  in  productivity  and  uniformity  as 
a  method  for  fabricating  InP  related  devices  [5]. 
However,  RTD  structures  are  usually  grown  by  mol¬ 
ecular  beam  epitaxy  (MBE)  for  abrupt  heterointer- 
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faces.  The  successive  growth  of  the  RTD  structure  by 
MBE  after  the  growth  of  HEMT  structures  by 
MOVPE  was  reported  for  HEMT/RTDs  circuits  [3]. 

On  the  other  hand,  we  reported  GalnAs/InP  RTDs 
[12]  and  GalnAs/GalnP/InP  RTDs  [13]  with  good 
PVR  and  an  atomically  flat  InP/GalnAs  surface  [14] 
by  using  MOVPE.  Currently,  there  has  been  only  one 
report  of  GalnAs/AlAs  RTDs  by  MOVPE  [8]  with  no 
report  of  peak  current  distribution,  which  is  an  import¬ 
ant  characteristic  for  the  application  of  integrated  cir¬ 
cuits  [11]  and  an  advantage  in  using  MOVPE. 

In  this  paper,  we  report  GalnAs/AlAs/InP  RTDs 
grown  by  MOVPE  and  investigate  barrier  thickness 
dependence  of  peak  current  density  and  uniformity. 
We  also  discuss  methods  for  achieving  better  charac¬ 
teristics. 


2.  Fabrication 

The  MOVPE  apparatus  has  a  horizontal  reactor 
under  reduced  pressure  (76  Torr).  Samples  are  rotated 
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[n+-GalnAs  contact  layer  30  nnr] 
1x1018cm*3 


n-GalnAs  collector  360  nm 
N„=  3x1017cm3 


GalnAs  spacer  5  nm 
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GalnAs  well  8nm 


AlAs  barrier 


GalnAs  spacer  5  nm 


n-GalnAs  emitter  360  nm 
N„=  3x1017cm 3 


Fig.  1.  Growth  structure  for  GalnAs/AlAs  RTDs  with  four 
different  AlAs  barrier  thicknesses  (3.5,  5.3,  7,  and  10  nm). 


with  12  rpms  for  uniformity.  There  is  a  load-lock  sys¬ 
tem  with  exhaust  system  from  a  turbo  molecular  pump 
to  prevent  contamination  from  the  atmosphere.  The 
MOVPE  sources  are  trimethylindium,  triethylgallium 
and  trimethylaluminium  for  III  groups,  arsine  and 
phosphine  for  V  groups,  and  disilane  for  the  «-type 
dopant.  The  growth  temperature  was  600°C.  The 
growth  rate  and  the  V:III  ratio  of  GalnAs  and  AlAs 
were  1.7  |im/h,  1.5  pm/h,  70  and  40,  respectively.  The 
partial  pressure  of  As  was  0.76  Torr.  The  RTD  struc¬ 
tures  are  shown  in  Fig.  1.  We  made  four  different 
samples  with  different  AlAs  barrier  thicknesses:  3.5, 
5.3,  7,  and  10  nm.  The  AlAs  thickness  was  estimated 
from  the  growth  rate  of  the  AlInAs  lattice-matched  to 
InP.  The  contact  layer  was  a  30  nm-thick  n  + -GalnAs 
layer  with  a  doping  of  1  x  1018  cm-3.  The  emitter  and 
the  collector  were  360  nm-thick  ^-GalnAs  layers  with 
a  doping  concentration  of  3  x  1017  cm-3.  For  the 
spacer  layers,  5  nm-thick  undoped  GalnAs  layers  were 
inserted  between  the  barriers  and  «-GaInAs  layers. 

Diodes  were  fabricated  by  the  following  process 
after  growth.  Cr/Au  square  electrodes  with  a 
100  x  100  pm2  area  were  evaporated  with  the  metal 
mask  on  the  wafer.  The  pitch  of  electrode  was  500  pm. 
Electrodes  were  separated  into  mesas  by  Br-methanol 
etching  down  to  the  RTD  structure.  Cr/Au  was  evap¬ 
orated  on  the  reverse  side  of  the  wafer  after  etching. 
The  current  density-voltage  (J-V)  characteristics  were 
measured  at  room  temperature. 


3.  Measurement  results 

When  the  barrier  thicknesses  were  3.5,  5.3,  and  7  nm, 
we  observed  negative  differential  resistance  (NDR). 
Typical  J-V  characteristics  of  the  RTD  with  3.5  nm- 
thick  barriers  are  shown  in  Fig.  2.  Here,  we  defined 
the  forward  bias  as  the  bias  for  current  injection  from 
the  top  electrode.  The  highest  PVRs  were  2.5  at  the 
forward  bias  and  3.6  at  the  reverse  bias,  respectively. 
The  highest  peak  current  densities  were  172  A/cm2 
with  0.28  V  applied  voltage  for  the  forward  bias  and 
—300  A/cm2  with  0.66  V  applied  voltage  for  the 
reverse  bias.  In  three  samples  with  different  barrier 
thicknesses,  we  observed  that  the  peak  current  and 
peak  voltage  at  the  reverse  bias  became  larger  than  at 
the  forward  bias.  Fig.  3  shows  a  semi-log  plot  of  (cur¬ 
rent  |-voltage  characteristics  of  diodes  with  three  differ¬ 
ent  barrier  thicknesses.  The  peak  current  density 
change  was  almost  a  three  order  magnitude  as  shown 
in  Fig.  3.  When  the  barrier  thickness  was  7  nm,  the 
highest  PVR  was  2.0  when  the  applied  voltage  was 
0.3  V  for  the  forward  bias  and  3.3  at  —0.81  V  for  the 
reverse  bias.  No  dependence  was  observed  between  the 
PVR  and  the  barrier  thickness. 

To  evaluate  the  distribution  of  peak  current  density, 
we  measured  J-V  characteristics  of  50  samples  with  a 
3.5  nm-thick  barrier  and  a  5.3  nm  thick  barrier  and  14 
samples  with  a  7  nm  thick  barrier.  Since  the  area  of 
the  RTD  electrode  was  relatively  larger,  we  ignored 
electrode  area  fluctuation.  When  the  barrier  thickness 
was  3.5  nm,  the  peak  current  density  average  and  the 
standard  deviation  were  132  A/cm2  and  ±22%  at  for¬ 
ward  bias  and  230  A/cm2  and  +20%  at  the  reverse 


'  I _ I _ I _ I _ I _ I _ I 

-1.5  0  1.5 


Applied  Voltage  [V] 

Fig.  2.  Measured  J-V  characteristics  of  GalnAs/AlAs  RTD  at 
300  K  (3.5  nm  barrier  thickness). 
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Fig.  3.  Semi-log  plot  of  |current|-voltage  characteristics  of 
diodes  with  three  different  barriers. 


bias,  respectively.  When  the  barrier  thickness  was 
5.3  nm,  the  peak  current  density  average  and  the  stan¬ 
dard  deviation  were  1.74  A/cm2  and  ±43%  at  forward 
bias  and  3.9  A/cm2  and  ±38%  at  the  reverse  bias,  re¬ 
spectively.  When  the  barrier  thickness  was  7  nm,  the 
peak  current  density  average  and  the  standard  devi¬ 
ation  were  0.099  A/cm2  and  ±59%  at  the  forward  bias 
and  0.25  A/cm2  and  ±53%  at  the  reverse  bias,  respect¬ 
ively.  These  results  show  that  the  deviations  of  peak 
current  density  became  larger  when  the  barrier  became 
thicker.  Fig.  4  shows  the  barrier  thickness  relation  to 
average  peak  current  density.  The  peak  current  is 
almost  proportional  to  the  barrier  thickness  exponent. 
We  could  not  observe  NDR  when  the  barrier  thickness 
was  10.5  nm. 


Fig.  4.  Barrier  thickness  dependence  of  average  peak  current 
density  (reported  barrier  thickness  dependence  is  also 
plotted). 


4.  Discussion 

Since  a  lower  peak  current  density  in  RTDs  is  im¬ 
portant  for  low  power  consumption  of  memory  circuits 
[4],  RTDs  with  a  thicker  barrier  are  important.  We 
could  explain  the  lack  of  NDR  at  the  10.5  nm  thick 
AlAs  barrier  from  the  estimated  critical  thickness  by 
strain  (10  nm)  [15].  On  the  other  hand,  the  observed 
critical  thickness  for  NDR  was  approximately  4  nm  in 
our  previous  GalnAs/GalnP/InP  RTD  despite  the 
similarity  of  the  lattice  mismatching  to  the  present  one 
[13].  The  thickest  reported  AlAs  barrier  for  RTDs  by 
using  MBE  is  4.5  nm  to  our  knowledge  [10]  and  pre¬ 
barriers  by  AlInAs  were  inserted  to  reduce  peak  cur¬ 
rent  density  for  memory  applications  [4].  Thus  our 
critical  thickness  for  observing  NDR  was  quite  larger 
than  previous  reports.  One  possibility  for  explaining 
such  characteristics  is  the  incorporation  of  indium. 
However,  the  incorporation  of  indium  causes  a  lower¬ 
ing  of  barrier  height  and  weaker  barrier  thickness 
dependence.  We  plotted  the  reported  barrier  thickness 
dependence  [7,9]  in  Fig.  4.  No  significant  difference 
between  our  tendency  and  the  reported  tendency  was 
observed.  Moreover,  the  same  apparatus  exhibited  a 
good  heterostructure  for  InP  related  optical/electron 
devices.  The  threshold  current  density  of  strained 
quantum  well  laser  is  300  A/cm2,  and  the  current  gain 
of  the  heterojunction  bipolar  transistors  is  50  with  600 
Q/D  as  base  sheet  resistance. 

The  smallest  reported  fluctuation  of  peak  current 
[11]  was  7.2%  as  3  o'  and  our  obtained  standard  devi¬ 
ation  is  not  sufficient  for  logic  applications  [16].  We 
estimated  the  corresponding  fluctuation  of  barrier 
thickness  from  Fig.  4.  The  standard  deviation  of 
RTDs  with  3.5,  5.3,  and  7  nm-thick  AlAs  barrier  cor¬ 
respond  to  0.08,  0.15,  and  0.2  nm  as  barrier  thickness 
fluctuations.  When  the  thickness  uniformity  is  due  to 
fluctuations  in  growth,  we  can  estimate  the  fluctuation 
using  a  thicker  layer.  The  measured  thickness  fluctu¬ 
ation  in  a  1  pm-thick  GalnAs  layer  is  ±1.5%  in  the 
several  millimeter  range.  This  fluctuation  corresponds 
to  0.053  nm  of  a  3.5  nm-thick  barrier,  0.8  nm  of  a 
5.3  nm-thick  barrier,  and  0.11  nm  of  a  7  nm-thick  bar¬ 
rier,  respectively.  Thus,  the  estimated  barrier  thickness 
fluctuation  from  the  growth  rate  fluctuation  in  the 
millimeter  range  and  the  estimated  barrier  thickness 
fluctuation  from  the  peak  current  are  in  the  same 
order.  Of  course,  some  relation  between  the  barrier 
thickness  fluctuation  and  the  peak  current  fluctuation 
must  be  calculated  for  a  precise  comparison.  A  thinner 
barrier  will  provide  a  smaller  fluctuation  as  noted  from 
previous  observation.  Moreover,  our  thickness  fluctu¬ 
ation  is  poorer  than  the  one  reported  in  modern 
MOVPE.  A  good  thickness  fluctuation  (±0.2%  in  3" 
wafer)  [17]  was  reported  by  MOVPE  and  was  seven 
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times  better  than  our  results.  Thus,  MOVPE  growth 
improvement  will  provide  a  reduction  of  fluctuations. 

The  obtained  PVR  is  lower  than  the  reported  value 
in  GalnAs/AlAs  RTDs.  Since  no  dependence  was 
observed  between  the  peak  current  and  the  PVR  when 
the  barrier  thickness  was  changed,  the  low  PVR  could 
not  be  explained  by  a  current  leakage  at  the  mesa  side 
surface.  The  PVR  at  77  K  was  around  6  and  is  lower 
than  the  previous  PVR  of  our  GalnAs/InP  RTDs 
grown  by  MOVPE.  We  used  a  different  MOVPE  from 
the  former  experiment  to  introduce  Al-sources  and 
substrate  rotation.  We  grew  the  GalnAs/InP  RTD 
structure  by  the  present  MOVPE  to  compare  appara¬ 
tuses.  The  epitaxial  structure  is  the  same  in  Fig.  1 
except  that  the  barrier  became  a  8  nm-thick  InP.  The 
observed  highest  PVR  at  77  K  was  1.9.  This  is  less 
than  a  quarter  of  the  previous  PVR.  One  reason  for 
the  lower  PVR  is  the  non-homogeneous  heterointer¬ 
face.  We  could  observe  islands  or  valleys  and  these  lat¬ 
eral  sizes  were  several  hundred  nm  in  an  observation 
of  AFM  image  of  the  GalnAs  surface.  No  parallel 
step  was  observed.  On  the  other  hand,  an  AFM  image 
of  the  GalnAs  surface  by  the  previously  used  MOVPE 
showed  parallel  equidistant  monolayer  steps  [14]. 
Neither  an  island  nor  a  valley  was  observed.  We  think 
the  observed  islands  and  valleys  made  many  parallel 
small  RTDs  with  different  well  thicknesses,  and  this 
resulted  in  a  lower  PVR.  The  carrier  gas  flow  speed  in 
the  reactor  is  different  between  the  former  apparatus 
and  the  present  apparatus.  The  flow  speed  was  300  cm/ 
s  in  the  previous  apparatus  and  50  cm/s  in  the  present 
apparatus.  A  faster  speed  flow  provides  a  thinner  stag¬ 
nant  layer  resulting  in  enhancement  of  migration  and 
the  step-flow  growth  mode.  Thus,  increasing  the  flow 
speed  to  obtain  atomically  flat  surface  will  provide  a 
higher  PVR. 


5.  Summary 

GalnAs/ AlAs/InP  resonant  tunneling  diodes  (RTDs) 
grown  by  MOVPE  were  studied.  The  peak  current 
density  dependence  on  barrier  thickness  was  measured 
in  three  different  barrier  thicknesses  (3.5,  5.3,  and 
7  nm).  The  range  of  peak  current  was  from  100  to  0.1 
A/cm2.  The  results  suggest  that  OMVPE  has  the  possi¬ 
bility  to  provide  a  wider  peak  current  range  than  that 
by  MBE.  From  a  measurement  of  the  distribution  of 
peak  current  density,  the  peak  current  density  devi¬ 
ations  became  larger  when  the  barrier  became  thicker. 
This  fluctuation  of  peak  current  density  can  be 
explained  by  the  thickness  fluctuation  of  the  barrier  in 


the  wafer’s  millimeter  range.  We  have  discussed  the 
reasons  for  peak  current  density  fluctuation  and  PVR 
degradation  using  millimeter  range  thickness  fluctu¬ 
ation  and  surface  AFM  images. 
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Abstract 

Wireless  communication  has  enjoyed  tremendous  growth  in  the  last  five  years.  Most  of  the  market  is  below  the  3 
GHz.  Recently,  millimeter  wave  frequency  band  was  also  opened  up  to  commercial  applications,  such  as  the  Local 
Multipoint  Distribution  System.  The  rapid  growth  of  the  market  demands  cost  effective  RF  circuitry  with  ever 
better  performance.  Thus,  the  heterostructure  transistors  are  pursued  to  meeting  the  market  needs.  This  article  will 
first  analyze  the  technical  demand  on  RF  transistor  circuitry  for  wireless  application.  Existing  and  emerging 
transistor  technologies  will  be  discussed  for  its  strength.  A  general  comparison  will  be  made.  ©  1999  Published  by 
Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Wireless  application  started  in  the  mid  80s. 
However,  the  cellular  market  did  not  really  take  off 
until  the  90  s.  The  first  generation  standard,  Advanced 
Mobile  Phone  System  and  other  FM  systems,  also 
gave  way  to  the  second-generation  digital  standards, 
including  Global  System  Mobile  Phone,  Personal 
Digital  Cellular,  IS54  Time  Division  Multiple  Access, 
and  IS95  Code  Division  Multiple  Access.  In  recent 
years,  the  third  generation  standard  was  setup  and  the 
direction  was  the  wideband  CDMA  to  handle  data  as 
well. 

In  pace  with  the  advance  of  the  phone  generation, 
the  size,  weight,  and  performance  of  the  handheld 
phone  are  also  constantly  improved.  The  frequency  of 
operation  has  moved  up  to  the  2  GHz  range  of  PCS 


*  Corresponding  author. 

1  Sabbatical  leave  from  National  Chao-Tung  University, 
Hsinchu,  Taiwan. 


application.  In  Industrial,  Scientific,  Medical  appli¬ 
cation,  it  even  goes  up  to  the  5  GHz  band.  It  poses  a 
constant  demand  for  higher  performance  RF  com¬ 
ponents.  When  the  wireless  application  started,  the 
phone  designer  had  to  be  satisfied  with  any  available 
parts  to  cover  the  RF  circuitry.  Now  designers  are  ask¬ 
ing  for  much  improved  RF  semiconductors  to  satisfy 
market  demands.  Therefore,  heterostructure  transistors 
are  becoming  common  in  the  wireless  market. 

Below  3  GHz,  GaAs  HBT  (Heterojunction  Bipolar 
Transistor)  and  GaAs  PHEMT  (Pseudomorphic  High 
Electron  Mobility  Transistor)  are  commonly  used  in 
the  wireless  RFICs,  complementing  the  workhorse 
transistor  technologies  of  Si  bipolar,  Si  BiCMOS,  and 
GaAs  FET.  The  acceptance  of  the  heterostructure 
transistors  is  ever  increasing!  As  the  market  demands 
higher  level  integration,  performance,  and  low  price, 
the  production  related  issues  are  as  important  as  the 
RF  performance  in  the  value  of  the  RFICs,  and  het¬ 
erostructure  transistors  would  be  an  attractive  sol¬ 
ution. 
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Table  1 

Commonly  encountered  wireless  systems 


800  to  1000  MHz 

1700  to  2000  MHz 

2400  MHz 

Millimeter  wave 

AMPS 

DCS1800 

WLANb 

LMDS 

GSM 

DCS  1900 

WLLd 

Auto-radar 

IS-54  TDMA 

CDMA 

IS-95  CDMA 

W-CDMA 

PDC 

TDMA 

ISM 

PHSa 

DECT 

a  PHS  Personal  Handyphone  System. 
b  WLAN  Wireless  Local  Area  Network. 
c  DECT  Digital  European  Cordless  Telephone. 
d  WLL  Wide  Area  Local  Loop. 

2.  Wireless  systems 

There  are  many  different  wireless  systems  in  use. 
Table  1  outlines  several  systems  at  different  frequency 
bands.  The  first-generation  phone  system  refers  to  the 
analog  phone,  such  as  AMPS,  using  the  FM  scheme. 
The  second-generation  phone  refers  to  the  digital 
modulation  scheme,  including  GSM,  IS-54  TDMA,  IS- 
95  CDMA,  and  PDC.  These  systems  have  improved 
security  over  the  first  generation  and  more  capacity. 
The  next  (third)  generation  will  handle  data  as  well  as 
voice,  and  the  preferred  approach  is  wide-bandwidth 
CDMA  (5  MHz  channel  bandwidth). 

These  systems  have  different  frequency  band,  chan¬ 
nel  bandwidth,  modulation  scheme,  power  level,  etc. 
As  a  result  the  architecture  of  the  RF  transceiver  will 
be  very  different.  Figs.  1  and  2  are  the  generic  function 
block  diagram  of  two  commonly  encountered  digital 
modulation  systems:  CDMA  and  TDMA. 

The  commonly  shared  RFICs  include  LNA  (low 
noise  amplifier),  Downconverter,  variable  gain  ampli¬ 
fier,  power  amplifier,  driver  amplifier  [1].  However, 
different  systems  have  quite  different  specifications  on 
each  function  block.  For  example,  the  CDMA  requires 
much  higher  IIP3  (third-order  input  intercept  point)  in 
LNA  than  the  TDMA’s. 


The  RF  transceiver  architecture  is  also  quite  differ¬ 
ent.  The  CDMA  system  requires  almost  80  dB  trans¬ 
mit  power  control  (versus  less  than  30  dB  in  the 
TDMA  systems).  This  presents  a  great  challenge  in  the 
RF  circuit  design  due  to  the  signal  leakage  among 
plastic  package  pins.  Therefore,  the  gain  control  is  im¬ 
plemented  in  the  IF  frequency,  and  the  signal  must  be 
up-converted  from  IF  to  RF  before  amplification. 

Different  modulation  schemes  are  used  in  the  second 
generation  phone  system.  GSM  uses  GMSK  modu¬ 
lation  which  is  a  constant  envelope  signal.  Therefore, 
the  spectrum  regrowth  of  the  signal  is  not  a  concern. 
A  n/4  differential  quadrature  phase  shift  keying  is  used 
in  both  IS-54  TDMA  and  PDC  [2];  an  offset  quadra¬ 
ture  phase  shift  keying  is  used  in  IS-95.  Both  schemes 
have  amplitude  and  phase  modulation  and  are  sensi¬ 
tive  to  the  spectrum  regrowth  caused  by  the  circuit 
non-linearity  (AM-to-AM  and  AM-to-PM  distortion) 
[3].  Therefore,  the  circuits  along  the  transmitter  chain 
must  operate  in  the  backed-off  state  to  guarantee  a 
clean  spectrum  (low  adjacent  channel  power). 

In  the  transmitter  chain,  the  key  specifications 
include  output  power,  ACPR  (adjacent  channel  power 
rejection),  spurs,  rms  vector  errors.  Therefore,  the 
RFICs  must  maintain  good  linearity  to  keep  ACPR 
low.  In  the  receiver  chain,  the  interference  tolerance 


Fig.  1.  A  generic  function  block  diagram  of  a  CDMA  RF 
transceiver. 
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Fig.  2.  A  generic  TDMA  (GSM,  IS-54,  PDC)  RF  Transceiver 
block  diagram. 
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level  demands  high  IP3,  and  signal  sensitivity  demands 
low  noise  figure. 

The  TDMA  systems  run  in  the  Time  Division 
Multiplex  mode:  the  TX  is  turned  on  while  the  RX  is 
off,  and  vice  versa.  The  circuit  is  only  turned  on  over  a 
portion  of  the  full  frame.  This  is  essentially  a  pulse 
modulation.  In  AMPS  and  CDMA  systems,  TX  and 
RX  are  turned  on  simultaneously.  The  interaction 
between  the  TX  and  RX,  as  well  as  the  heating  from 
the  transmitter  must  be  taken  into  design  consider¬ 
ation. 

With  such  a  wide  variety  of  circuits  and  different 
specifications,  the  RFIC  design  is  a  challenging  task. 
The  frequency  band  is  also  shifting  to  2  GHz  which 
further  demands  higher  performance  transistor  tech¬ 
nologies. 

3.  RFIC  circuits 

The  RFIC  can  be  classified  into  three  categories: 
power  amplifier,  low  noise  amplifier,  and  analog-like 
RFICs. 

3.1.  Power  amplifier 

In  AMPS,  the  saturated  power  is  all  one  needs.  In 
IS-54,  IS-95,  PDC  systems,  the  amplifier  must  be  linear 
enough  to  maintain  the  ACPR  within  specifications 
[3].  Since  the  peak  power  of  the  modulated  signal  is  a 
few  dB  higher  than  the  average  power,  the  PA  runs  at 
a  backed  off  situation  to  maintain  the  linearity.  Thus, 
the  efficiency  of  the  linear  PA  is  lower  than  the  satu¬ 
rated  power  version. 

To  achieve  high  efficiency,  the  power  transistor  must 
be  power  matched.  Therefore,  the  output  matching  cir¬ 
cuit  of  the  PA  is  designed  with  the  reactive  matching 
method. 

The  power  amplifier  must  deliver  the  rated  RF 
power;  therefore,  it  is  usually  the  most  important  com¬ 
ponent  deciding  the  talk  time  in  a  handheld  phone.  As 
the  operation  voltage  goes  lower,  the  load  resistance 
value  is  reduced.  This  situation  presents  a  challenge  to 
the  low  loss  of  the  output  matching  circuit  (due  to  the 
limited  Q  factor  of  the  matching  components),  as  well 
as  the  resistive  power  loss  of  the  larger  current  flowing 
from  battery  to  the  PA.  Contrary  to  the  baseband 
VLSI  circuit,  PA  prefers  to  run  at  higher  voltage  for 
better  performance. 

3.2.  Low  noise  amplifier 

As  mentioned  in  the  previous  section,  wireless  sys¬ 
tems  are  ‘interference  dominant’.  The  third-order  inter¬ 
cept  point  is  as  important  as  the  noise  figure.  For 
standby  time  consideration,  the  LNA  should  run  at 
the  lowest  current.  The  noise  figure  can  be  maintained 


by  scaling  the  LNA  design  with  current  and  transistor 
size.  But  the  IP3  demands  a  corresponding  amount  of 
dc  power,  and  set  the  limit  for  the  minimum  amount 
of  current  consumption  in  LNA. 

To  achieve  the  lowest  possible  noise  figure,  the  input 
impedance  of  the  LNA  must  be  correctly  chosen  and  is 
designed  with  the  reactive  matching  approach. 

3.3.  Other  RFIC 

Other  function  blocks,  such  as  a  down/up  converter, 
variable  gain  amplifier,  driver  amplifiers,  are  often 
designed  by  a  mixture  of  design  approaches  [4].  Within 
the  semiconductor  chip,  the  circuit  is  usually  designed 
with  the  analog-like  approach,  i.e.,  with  a  transistor, 
resistor,  and  capacitor  (no  inductors).  No  impedance 
matching  is  used  (which  requires  an  inductor)  on  chip 
to  save  chip  size.  Outside  the  package,  surface  mount 
components  are  used  to  provide  the  reactive  impedance 
match. 

As  a  wireless  system  moves  up  in  operation  fre¬ 
quency,  a  transistor  may  lack  the  performance.  An  on- 
chip  inductor  becomes  popular  to  provide  impedance 
matching  and  recover  the  lost  gain  through  the  mis¬ 
match  of  analog-like  approach.  The  negative  effect  of 
an  on-chip  inductor  is  its  large  size,  the  cross  talk,  and 
limited  bandwidth. 

All  these  components  must  meet  gain,  IP3,  power 
consumption,  and  noise  figure  requirements.  The 
higher  performance  transistor  extends  the  specification 
envelope,  and  allows  better  performance  at  lower  cur¬ 
rent. 


4.  Heterostructure  transistor  technologies 

The  most  commonly  used  transistor  technologies 
include:  Si  bipolar,  Si  BiCMOS,  GaAs  MESFET, 
GaAs  PHEMT,  and  GaAs  HBT.  Table  2  compares  the 
key  transistor  parameters. 

Although  all  the  transistors  have  good  /T  and  /max 
for  2  GHz  operation,  the  intrinsic  property  makes  a 
difference.  For  example,  the  low  BVceo  limits  the  Si 
BJT  and  Si  BiCMOS  from  power  amplifier  application. 
Table  3  outlines  the  most  common  applications  for 
each  transistor  technologies. 

4.1.  Si  bipolar  transistor 

Si  BJT  is  mainly  used  in  the  small  signal  circuit, 
including  LNA.  Its  high  transconductance  is  most  use¬ 
ful  in  analog-like  circuit  approach.  The  uniformity  of 
the  base-emitter  junction  voltage  is  also  important  for 
product  yield  and  statistic  control.  However,  most 
bipolar  transistors  have  a  limited  performance  at  2 
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Table  2 

Comparison  of  transistor  parameters3 


Si  BJT 

Si  BiCMOS 

GaAs  FET 

GaAs  HBT 

Min  feature 

h 

./max 

Breakdown 

0.5  pm 

26  GHz 

47  GHz 

4  V 

0.65  pm 

20  GHz 

27  GHz 

4  V 

0.5  pm 

30  GHz 

65  GHz 

12  V 

2  pm 

40  GHz 

65  GHz 

12  V 

3  BVcco  is  used 

in  the  breakdown  voltage  for  a 

bipolar  transistor. 

Table  3 

Application  of  transistor  technologies 


Si  BJT 

Si  BiCMOS 

GaAs  FET 

GaAs  HBT 

Power  amplifier  No 

No 

Yes 

Yes 

Low  noise  Yes 

Yes 

Yes 

Yes 

Other  RFICs  Yes 

Yes 

Some 

Yes 

GHz  band  and  an  on-chip  inductor  becomes  a  neces¬ 
sity. 

4.2.  Si  BiCMOS 

Si  BiCMOS  has  the  addition  of  the  CMOS  which 
can  be  used  as  a  switch  and  other  bias  circuitry  in  the 
RFIC,  complementing  the  bipolar  circuit.  The  tradeoff 
is  the  complexity  of  the  process.  With  the  CMOS,  the 
baseband  circuit  can  be  implemented  as  well. 

Can  the  RF  circuit  be  integrated  with  the  baseband 
circuit  using  BiCMOS?  From  a  technology  view  point, 
certainly  yes.  The  technical  challenge  lies  in  the  funda¬ 
mental  difference  between  the  analog  and  the  digital 
circuit.  The  digital  circuit  switching  noise  can  be  easily 
coupled  into  the  RF  circuit  which  has  an  extremely 
wide  dynamic  range  to  handle.  A  typical  receiver  sensi¬ 
tivity  is  in  the  —110  dBm  range.  Until  the  in-package 
cross-coupling  is  controlled,  the  integration  is  limited 
to  systems  that  have  loose  requirements. 

4.3.  Get  As  FET 

GaAs  FET  is  widely  used  in  power  amplifiers  for  its 
performance.  There  are  two  main  deficiencies:  the  gate 
bias  often  requires  a  negative  voltage,  and  a  ^-channel 
FET  along  the  drain  bias  is  needed  for  power  down. 
These  two  deficiencies  add  to  the  cost  and  PCB  area. 

GaAs  FET  has  lower  noise  than  the  Si  Bipolar  tran¬ 
sistor,  with  the  advantage  most  noticeable  at  2  GHz 
band.  With  its  high  performance,  GaAs  FET  can  also 
be  used  in  the  analog-like  RFICs.  However,  the  lower 
transconductance  and  the  fluctuation  of  the  threshold 
voltage  limit  the  yield  and  usage  in  such  a  role. 


4.4 .  GaAs  HBT 

GaAs  HBT  is  now  widely  used  in  power  amplifiers, 
low  noise  amplifiers,  and  many  other  RFICs.  The  key 
improvement  of  GaAs  HBT  comes  from  two  features: 
low  base  sheet  resistance  and  semi-insulating  substrate 
[5].  The  low  base  sheet  resistance  (300  H/sq)  allows 
wide  emitter  fingers  without  the  current  crowding 
effect:  2  pm  emitter  finger  width  makes  the  processing 
easy  and  the  uniformity  high.  The  semi-insulating  sub¬ 
strate  eliminates  the  substrate  capacitance  which  is  a 
limiting  factor  in  the  Si  bipolar  circuit  performance  [6]. 

In  the  power  amplifier  application,  the  HBT  does 
not  have  the  two  deficiencies  of  GaAs  FET.  In  the  low 
noise  amplifier  case,  HBT  is  similar  to  Si  BJT  in  noise 
figure  but  higher  gain  is  due  to  higher  /max.  Since  HBT 
is  a  bipolar  transistor,  the  Si  BJT  circuit  schematic  can 
also  be  implemented  with  HBT.  However,  GaAs  HBT 
has  a  higher  Vbe  of  1.35  V,  which  is  higher  than  the 
0.8  to  0.9  V  of  Si  BJT.  In  the  low  voltage  (3  V)  circuit, 
a  GaAs  HBT  circuit  needs  to  be  finely  adjusted  for  dc 
level. 


4.5.  GaAs  PHEMT 

Pseudomorphic  HEMT  offers  an  improvement  of 
performance  over  GaAs  FET.  From  the  user’s  view 
point,  there  is  no  difference  between  PHEMT  and 
MESFET  except  the  performance.  PHEMT  also  inher¬ 
its  the  MESFET’s  deficiencies  in  the  PA  application. 
Some  PHEMT  are  designed  in  the  enhancement  mode 
to  eliminate  the  need  of  negative  gate  bias.  This  pre¬ 
sents  a  challenge  in  the  gate  etch  process  control. 

PHEMT  with  short  gatelength  (0.25  pm  or  shorter) 
offers  the  highest  /T  and  /max.  It  is  the  obvious  candi¬ 
date  for  millimeter  wave  application,  such  as  LMDS. 
The  MMIC  format  is  often  used  to  avoid  the  hybrid 
assembly  difficulty  at  such  a  high  frequency.  PHEMT 
also  offers  the  lowest  noise  figure.  The  low  noise  figure 
of  PHEMT  makes  it  the  number  one  choice  for  a  sat¬ 
ellite  communication  receiver.  In  the  wireless  appli¬ 
cation,  the  PHEMT  low  noise  advantage  is  often 
smeared  by  the  loss  of  duplexer  which  precedes  LNA 
in  the  receiver  chain. 
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4.6.  Si  CMOS  on  Sapphire 

SOS  CMOS  has  become  commercially  available  in 
recent  years.  The  claimed  advantage  is  the  simplified 
process  (compared  with  standard  CMOS)  and 
improved  performance  from  the  non-conducting 
Sapphire  substrate.  The  SOS  version  is  different  from 
the  SOI:  SOI  has  only  1  pm  or  so  oxide  to  separate 
the  transistor  from  the  conducting  substrate,  where 
SOS  has  a  non-conducting  substrate.  At  RF  frequency, 
the  SOS  approach  guarantees  the  elimination  of  the 
substrate  signal  leakage. 

Is  SOS  CMOS  an  improvement  more  attractive  for 
VLSI  application,  or  for  RFIC,  or  for  both?  It  will  be 
decided  by  cost,  performance,  and  production  yield. 

4.7.  SiGe  HBT 

SiGe  HBT  is  a  heterojunction  bipolar  transistor  on 
Si  substrate.  The  base  material  is  SiGe.  Like  GaAs 
HBT,  it  can  have  a  low  base  sheet  resistance. 
However,  most  reported  results  still  have  a  sheet  resist¬ 
ance  of  7  to  9  kH/sq  [7].  The  transistor  characteristic  is 
very  similar  to  the  Si  BJT.  Therefore,  SiGe  HBT  can 
be  considered  as  an  improved  Si  BJT.  In  applications, 
SiGe  HBT  also  is  subject  to  the  same  constraints  of  Si 
BJT. 

4.8.  Fundamental  difference  between  Si  and  GaAs 

Beyond  the  transistor  technology  difference,  the  sub¬ 
strate  also  plays  an  important  role  in  the  RFIC.  Si 
substrate  is  conducting,  giving  rise  to  the  parasitic  sub¬ 
strate  capacitance  to  the  transistor  which  reduces  the 
performance  of  the  circuit.  It  also  provides  a  path  of 
RF  signal  leakage.  GaAs  and  Sapphire  are  semi-  or 
non-conducting,  which  allows  the  full  exploit  of  the 
transistor  performance. 

5.  Trend  in  the  below-3  GHz  wireless  market 

New  systems  in  the  2  to  3  GHz  range  demands 
more  performance  out  of  the  transistor.  As  the  second 
generation  phone  is  popular,  and  moving  toward  the 
third  generation  phone,  the  demanding  system  specifi¬ 
cation  asks  for  high  performance.  High  level  inte¬ 
gration  of  RF  function  blocks  is  a  solution  to  the 
price,  size  and  part  count  reduction  [8].  This  approach 
requires  mature  technology  in  production  and  sufficient 
transistor  performance  margin.  All  the  trends  favor  a 
higher  performance  transistor,  therefore,  more  and 


more  RFICs  were  made  with  hetero structure  transis¬ 
tors  in  recent  years. 


6.  Conclusion 

Heterostructure  transistors  are  an  improvement  over 
existing  homostructure  transistors.  Although  the  device 
physics  is  very  different,  the  users  see  only  an  evolution 
of  performance. 

In  this  paper,  an  objective  comparison  of  the  hetero¬ 
structure  transistors  is  attempted.  However,  in  the 
industry  each  technology  is  supported  by  a  handful  of 
companies  only.  Therefore,  business  execution  to 
explore  the  full  technical  advantage  of  each  transistor 
technology  is  more  important  than  the  perceived  po¬ 
tential  of  each  technology.  Even  so,  we  can  be  sure 
that  hetero  structure  transistors  will  be  much  more 
widely  used  in  the  wireless  market  to  answer  the  price, 
performance,  and  production  demands. 
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Abstract 

A  novel  GaAs  flip-chip  power  MODFET  with  a  spike-gate  structure  has  been  developed  for  high-gain  and  high- 
efficiency  operation  under  extremely  low  supply  voltages.  The  spike-gate  MODFET  is  featured  by  a  unique  gate 
structure  that  has  almost  zero  effective  gate  length.  The  spike  gate  provides  both  a  low  on-resistance  of  1.5  Q  mm 
and  a  high  transconductance  of  280  mS/mm  without  increasing  the  drain  conductance.  The  flip-chip  bonding,  with 
an  Au-Sn  alloy  system,  has  been  used  for  mounting  of  the  spike-gate  power  MODFET  on  an  AIN  substrate.  The 
thermal  resistance  of  the  flip-chip  power  MODFET  is  12°C/W  which  is  lower  than  that  of  a  conventional  wire- 
bonded  MODFET.  The  power-added  efficiency  (PAE)  of  71%  at  the  output  power  of  30.0  dBm  can  be  obtained 
even  when  the  supply  voltage  is  reduced  to  1.5  V.  By  eliminating  parasitic  wire  inductance,  the  linear  gain  of  the 
MODFET  is  2  dB  higher  and  the  PAE  is  5%  higher  than  that  of  the  conventional  wire-bonded  MODFET.  ©  1999 
Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

GaAs  power  FETs  have  been  widely  used  as  key 
devices  in  mobile  communication  systems.  In  these  sys¬ 
tems,  both  low-voltage  and  high-efficiency  operations 
are  of  major  concern  for  the  power  FETs  because  their 
performances  give  long  battery  life  and  small  volume 
of  the  hand  sets.  However,  it  is  difficult  to  maintain 
high  output  power  and  high  efficiency  as  the  supply 
voltage  is  reduced,  because  the  available  drain  voltage 
swing  is  narrowed.  This  narrowed  operating  area  is 
determined  by  the  knee  voltage  of  GaAs  FETs  which 
is  determined  by  the  on-resistance. 

Recently,  several  authors  have  reported  on  GaAs 
MESFET  [1-3]  and  heterojunction  FETs  [4-6]  operat¬ 
ing  under  low  voltage  while  maintaining  high  output 
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power.  We  have  reported  on  GaAs  power  MESFETs 
with  the  spike-gate  structure  for  both  analog  and  digi¬ 
tal  cellular  phones  [7-9].  These  FETs  exhibited  high 
PAE  under  an  extremely  low  supply  voltage  of  1.5  V. 
It  is  expected  that  the  spike-gate  structure  will  have  a 
great  potential  for  extension  to  double-doped 
MODFETs. 

Moreover,  how  we  can  get  high  power  gain  under 
the  low  voltage  operation  is  also  a  crucial  problem. 
There  have  been  few  reports  of  high  power  gain  per¬ 
formance  obtained  under  low  supply  voltage  while 
maintaining  high  output  power  and  efficiency.  Flip- 
chip  technology  [10-13]  has  the  advantage  of  high  gain 
in  the  high-frequency  characteristics.  Since  the  FET 
operates  free  from  parasitic  inductances  caused  by 
bonding  wires,  the  negative  feedback  can  be  elimi¬ 
nated.  However,  in  flip-chip  bonding,  it  is  difficult  to 
transfer  the  heat  from  the  channel  to  the  heat  sink. 
Since  SiN  passivation  has  poor  thermal  conductivity, 
the  heat  path  from  the  channel  becomes  narrower  than 
that  of  conventional  wire  bonding.  Thus,  the  heat  gen- 
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erated  at  the  channel  is  confined  around  the  gate  caus¬ 
ing  thermal  runaway.  In  order  to  harness  the  superior 
characteristics  of  flip-chip  FETs,  it  becomes  necessary 
to  cope  with  the  extreme  brittleness  as  well  as  low 
thermal  conductivity  of  GaAs  and  SiN.  These  thermo¬ 
physical  properties  become  particularly  important  in 
GaAs  flip-chip  bonded  power  devices. 

In  this  paper,  we  demonstrate  a  flip-chip  bonded 
GaAs  power  MODFET  which  achieves  high  gain  and 
efficiency  by  using  the  spike-gate  structure.  Because  the 
depletion  widening  from  the  fringe  of  the  spike  gate 
alleviates  the  electric  field  between  the  gate  and  the 
drain,  this  structure  can  suppress  the  increase  of  the 
drain  conductance  which  reduces  the  power  gain  and 
thereby  the  PAE.  The  present  power  MODFET 
achieved  the  extremely  low  on-resistance  by  using  the 
unique  gate  structure  where  the  effective  gate  length 
was  almost  zero.  The  attained  on-resistance  of  1.5  Q 
mm  was  less  than  a  half  of  that  without  spike.  The 
obtained  thermal  resistance  of  the  flip-chip  power  FET 
is  12°C/W  which  is  even  lower  than  that  of  conven¬ 
tional  wire-bonded  one.  Fabricated  GaAs  MODFET 
showed  the  output  power  of  30.0  dBm  with  71%  PAE 
at  the  drain  bias  of  1.5  V.  By  eliminating  parasitic  wire 
inductance,  the  linear  gain  of  the  MODFET  is 
improved  2  dB  resulting  in  increasing  PAE  of  5% 
compared  to  that  of  conventional  wire-bonded  one. 


donor  concentration  of  6  x  1018  cm-3  and  a  5  nm 
thick  lower  Si-doped  Al0.2Ga0.8As  layer  with  3  x  1018 
cm“3.  The  surface  undoped  layer  plays  a  role  in  redu¬ 
cing  the  gate  capacitance  and  reducing  the  gate  leak¬ 
age,  which  contribute  to  superior  power  performance. 

It  is  difficult  to  maintain  high  efficiency  as  the  supply 
voltage  is  reduced,  because  the  available  drain  voltage 
swing  is  narrowed.  The  operating  area  is  determined  by 
the  knee  voltage  which  is  determined  by  the  on-resist¬ 
ance.  In  order  to  reduce  the  on-resistance,  it  is  import¬ 
ant  to  reduce  parasitic  resistances  such  as  contact, 
source/drain  and  channel  resistances.  In  particular,  re¬ 
duction  of  the  channel  resistance  is  most  effective  to 
reduce  the  on-resistance.  The  short  channel  length 
makes  it  possible  to  reduce  the  channel  resistance. 
However,  shorter  channel  results  in  higher  drain  con¬ 
ductance  due  to  the  short  channel  effect.  Higher  drain 
conductance  in  turn  lower  power  gain  and  lower  effi¬ 
ciency.  In  order  to  achieve  both  low  on-resistance  and 
low  drain  conductance,  we  proposed  the  spike-gate 
structure  [7-9]. 

The  spike-gate  MODFET  consists  of  two  gate 
regions.  One  is  the  extremely  short  gate  length  region 
formed  on  the  spike  recess,  the  other  is  the  fringing 
gate  region.  The  spike  gate  gives  the  lowest  channel  re¬ 
sistance,  because  the  effective  gate  length  is  almost 
zero.  While  the  fringing  gate  suppresses  the  increase  of 
drain  conductance. 


2.  Device  structure 

A  schematic  cross  section  of  the  spike-gate 
MODFET  is  shown  in  Fig.  1.  The  epitaxial  structure 
is  based  on  a  pseudomorphic  double-doped  hetero¬ 
structure,  which  consists  of  a  15  nm  undoped 
Ino.2Gao.8As  channel  layer  sandwiched  between  a 
10  nm  thick  upper  Si-doped  Al0.2Ga0.8As  layer  with  a 
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Fig.  1.  Schematic  cross  section  of  the  spike-gate  power 
MODFET. 


3.  Device  fabrication 

The  process  flow  of  the  spike-gate  MODFET  is 
shown  in  Fig.  2.  Device  processing  began  with  stan¬ 
dard  mesa  formation  to  define  the  active  region,  fol¬ 
lowed  by  a  dummy  gate  formation.  A  0.2  pm  wide 
dummy  gate  was  defined  by  the  pattern-edge-line 
method  [14].  Then  the  dummy  gate  was  ashed  in  02 
plasma  to  reduce  the  pattern  width  to  0.15  pm.  The 
dummy  gate  defines  the  footprint  of  the  gates  (Fig. 
2a).  The  obtained  variance  of  3a  of  the  line  width  was 
0.023  pm.  The  cause  of  this  variance  is  the  etch  rate 
difference  of  the  resist  in  a  wafer  and  the  difference 
between  wafers.  This  value  is  sufficient  for  the  large- 
volume  production.  The  dummy  gate  line  was  inverted 
into  the  gate  footprint  space  by  Si02  deposition  fol¬ 
lowed  by  the  lift-off.  The  Si02  deposition  was  per¬ 
formed  at  room  temperature  by  electron-beam 
evaporation.  The  Si02  layer  is  400  nm  thick. 
Conventional  Au/AuGeNi  metallurgy  was  used  for 
source  and  drain  electrodes  which  were  defined  by  lift 
off  using  the  Si02  as  the  spacer  and  were  subsequently 
alloyed  with  GaAs  (Fig.  2b).  The  first  narrow  gate 
recess  was  formed  by  wet  etching  in  a  mixture  of  tarta¬ 
ric  acid  and  hydrogen  peroxide  (Fig.  2c).  This  etch 
gives  (lll)A  and  (11 1)B  sidewalls  with  low  etching 
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(a)  Photoresist 

^  Si02 

l^.i  '  ■  II'  -  I  1 


(b)  Ohmic  Electrode 


(d)  Si02  Side  Etching 
2nd  Wide  Recess 


Fig.  2.  Process  flow  of  the  spike-gate  power  MODFET. 

rate.  After  side  etching  of  Si02,  a  second  wide  etching 
was  performed  which  gives  a  spike-gate  structure.  If 
the  etchant  is  chosen  with  preference,  it  is  possible  to 
etch  only  the  bottom  of  the  recess  selectively.  This  is 
because  the  insoluble  (lll)A  and  (lll)B  sidewalls 
become  a  barrier  to  the  second  etching.  Thus,  the 
spike  shaped  recess  was  formed  by  the  second  etching 


as  shown  in  Fig.  2d.  The  Al/Ti  gate  electrode  was 
formed  by  lift  off.  After  interconnecting  of  the  gate  fin¬ 
gers  by  Au  electro-plating,  the  MODFET  was  passi¬ 
vated  using  1.0  pm-thick  SiN  film  for  high  reliability. 

Fig.  3a  shows  the  cross-sectional  SEM  micrograph 
of  the  photoresist  pattern  defined  by  pattern-edge-line 
method.  The  line  width  of  the  dummy  gate  was 
0.15  pm  and  the  height  was  approximately  1.0  pm 
which  was  sufficiently  high  for  lift  off.  Fig.  3b  shows 
the  cross-sectional  SEM  micrograph  of  the  fabricated 
spike  gate.  The  tip  of  the  spike  formed  by  (lll)A  and 
(lll)B  sidewalls  was  80  nm  long  and  the  base  of  the 
spike  was  100  nm  wide.  The  upper  gate  was  1.0  pm 
long  and  the  effective  gate  length  is  close  to  zero. 
Because  the  insoluble  (11 1)A  and  (lll)B  sidewalls 
become  a  barrier  to  spike  gate  formation,  the  length 
and  width  of  the  spike  is  mainly  determined  by  the 
footprint  of  the  controllable  dummy  gate.  For  this 
reason,  the  spike-gate  formation  is  quite  reproducible. 

Conventional  interdigitated  source-gate-drain  pat¬ 
tern  was  used  for  flip-chip  bonding  of  the  MODFET. 
After  MODFET  was  passivated,  all  source  fingers 
were  connected  over  the  active  area  by  a  thermal 
bump  as  shown  in  Fig.  4.  To  reduce  the  drain-gate 
feedback  capacitance,  we  use  thick  SiN  passivation. 
The  total  thickness  of  the  passivation  over  the  gate 
metal  was  1.5  pm.  Au  electro-plating  was  used  as  the 
thermal  bump  by  using  50  pm  photoresist  process.  The 
height  of  the  bumps  are  30  pm. 

The  GaAs  chip  was  mounted  on  an  AIN  substrate 
patterned  with  Sn/Au/Cu.  Au-Sn  was  alloyed  at  280°C 
under  a  200  g  load.  The  reason  for  using  Au-Sn  alloy 
bonding  is  because  GaAs  is  too  brittle  to  tolerate  heavy 
pressure  or  ultrasonic  vibration.  Au-Sn  alloy  bonding 


Fig.  3.  (a)  SEM  cross  section  of  the  dummy  gate  pattern  defined  by  PEL;  (b)  SEM  cross  section  of  the  spike  gate. 
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S.l.  GaAs  substrate 


D  G  S  G  D 


Fig.  4.  Schematic  cross  section  of  the  flip-chip  spike-gate 
power  MODFET. 

also  has  an  advantage  of  relieving  the  mechanical  stress 
and  absorbing  the  substructure  roughness.  Fig.  5  shows 
the  cross-sectional  SEM  micrograph  of  a  flip-chip 
mounted  power  MODFET.  There  is  usually  no  void  in 
the  alloy  or  crack  in  the  GaAs  chip.  X-ray-micro-analy¬ 
sis  indicates  that  Au  is  uniformly  distributed  between 
Au  bump  and  Cu  of  the  substrate,  implying  all  Au-Sn  is 
in  the  80/20  eutectic  phase. 


4.  Device  performance 

4.1.  Thermal  properties 

The  essential  elements  of  the  flip-chip  bonding 
scheme  are:  (a)  the  bonding  metallurgy  and  technique; 


Fig.  5.  Cross-sectional  SEM  of  the  flip-chip  power  MODFET. 


Air 

GaAs  substrate 


Heat  Sink 


Fig.  6.  Schematic  illustration  of  the  heat  transfer  path  in  the 
flip-chip  power  MODFET. 


(b)  the  substrate;  and  (c)  the  bumps.  In  designing  the 
novel  flip-chip  interconnection,  these  elements  were 
considered  with  a  view  of  minimizing  the  thermal  re¬ 
sistance.  In  flip-chip  bonding,  it  is  difficult  to  transfer 
the  heat  from  the  channel  to  the  heat  sink.  Fig.  6  illus¬ 
trates  the  heat  flow  path  in  a  flip-chip  power 
MODFET.  Since  SiN  passivation  has  poor  thermal 
conductivity,  the  flow  path  from  the  channel  is  nar¬ 
rower  than  that  of  conventional  wire-bonding.  So,  the 
heat  generated  at  the  channel  is  confined  around  the 
gate,  causing  thermal  runaway.  Fig.  7  shows  a  simu¬ 
lated  temperature  contour  map  of  the  flip-chip  power 
MODFET.  The  heat  generated  at  the  channel  is  trans¬ 
ferred  only  via  the  source  contact.  And  heat  confine¬ 
ment  is  occurred  around  drain.  To  reduce  the  thermal 
resistance,  there  are  mainly  two  points  to  consider. 
One  is  the  heat  transfer  through  substrate,  the  other  is 
the  finger  pitch  of  the  power  MODFET,  i.e.,  the  spa¬ 
cing  between  heat  sources.  Fig.  8  shows  the  simulated 
channel  temperature  shift  as  a  function  of  the  finger 
pitch  and  the  AIN  thickness. 

The  channel  temperature  increases  drastically  as  the 
finger  pitch  narrows.  Moreover,  a  thin  AIN  substrate 
can  be  useful  to  suppress  the  temperature  shift.  It  is 
noted  that  if  we  choose  the  thickness  of  the  AIN  to  be 
250  pm,  the  channel  temperature  can  be  lower  than 
that  of  conventional  wire  bonding.  The  measured  tem¬ 
perature  shift  of  the  flip-chip  MODFET  is  compared 
with  that  of  the  wire-bonded  one  in  Fig.  9.  The  thick¬ 
ness  of  GaAs  substrate  was  150  pm  for  both  devices. 
This  shows  that  a  thermal  resistance  as  low  as  12°C/W 
can  be  achieved  by  flip-chip  bonding  with  a  thin  AIN 
substrate. 
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DC  Power=1W 


Fig.  7.  Simulated  temperature  contour  map  of  the  flip-chip  power  MODFET. 


4.2.  DC  performance 

Fig.  10  shows  typical  DC  current-voltage  character¬ 
istics  of  a  power  MODFET  (JTg  =  200  pm)  with  and 
without  the  spike  gate.  The  gate  length  of  the  device 
without  spike  was  0.6  pm  with  a  single  recess.  The  fab¬ 
ricated  devices,  with  and  without  the  spike  gate,  have 
pinch-off  voltages,  the  maximum  drain  currents  (Imax) 
of  about  —1.1  V,  600  mA/mm  and  -0.8  V,  450  mA / 
mm,  respectively.  A  lower  knee  voltage  is  seen  for  the 
device  with  the  spike  gate.  The  on-resistance  of  1.5  Q 
mm  of  the  device  with  the  spike  gate  is  almost  half  of 
that  without  it.  Owing  to  the  fringing  upper  gate,  the 
drain  conductance  is  almost  the  same  in  spite  of  zero 
effective-gate  length.  The  gate-drain  breakdown  voltage 
(BVgd),  measured  at  a  gate  current  density  of  100  pA/ 


Finger  Pitch  (pm) 


mm,  was  12  V.  This  value  is  sufficiently  high  enough 
for  low  voltage  power  operation  less  than  1.5  V.  This 
high  value  is  due  to  the  fringing  gate  structure,  because 
the  depletion  by  the  fringing  gate  alleviates  the  electric 
field  between  the  gate  and  drain.  Another  reason  of 
this  higher  breakdown  voltage  is  the  undoped  surface 
layer  which  separates  the  surface  and  the  channel. 

4.3.  RF  performance 

Fig.  11  shows  the  S-parameters  of  the  flip-chip 
MODFET  vs  that  of  the  conventional  wire-bonded 
one.  The  S-parameters  were  measured  under  a  DC 
supply-voltage  of  1.5  V  and  the  bias  current  of  100 


Fig.  8.  Simulated  channel  temperature  shift  as  a  function  of  Fig.  9.  Measured  channel  temperature  shift  of  the  flip-chip 
the  finger  pitch  and  the  AIN  thickness.  power  MODFET  vs  that  of  the  wire-bonded  one. 
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mA  matched  for  50  Q.  The  gate  width  of  the  device 
was  20  mm.  The  gain  of  the  flip-chip  MODFET  is  2 
dB  higher.  This  result  indicates  that  the  bump  inter¬ 
connection  of  the  present  flip-chip  power  MODFET  is 
successful  in  reducing  the  ground  inductance.  On  the 
other  hand,  the  isolation  of  the  flip-chip  MODFET  is 
almost  the  same  as  that  of  a  wire-bonded  one.  This 
means  that  the  thick  passivation  effectively  suppresses 
the  gate-drain  feedback  capacitance.  It  is  noted  that 
the  obtained  rather  low  gain  is  caused  by  the  mismatch 
of  the  impedance,  because  the  power  device  has  quite 
low  impedance  compared  to  50  Q. 

The  power  performance  of  the  device  was  measured 
by  using  an  automated  tuner  system  at  900  MHz 
under  a  DC  supply-voltage  of  1.5  V.  The  device  under 
test  has  a  total  gate  width  of  30  mm  with  a  unit  gate 


(a)  S21 


Frequency  (GHz) 


width  of  250  pm.  The  device  was  operated  under  Class 
AB  condition  with  a  quiescent  bias  current  of  0.8  A. 
The  resultant  output  power  and  power-added  efficiency 
(PAE)  are  shown  in  Fig.  12  as  a  function  of  the  input 
power  for  flip-chip  bonded  and  wire  bonded 
MODFETs.  The  input  and  output  circuits  were 
matched  for  the  maximum  efficiency.  The  maximum 
PAE  of  71%  was  obtained  even  when  the  supply  vol¬ 
tage  was  reduced  to  1.5  V.  This  high  performance  with 
low  supply  voltage  is  due  to  the  unique  spike-gate 
structure.  By  matched  for  the  device  impedance,  linear 
power  was  measured  to  be  16.0  dB.  By  eliminating 
parasitic  wire  inductance,  the  linear  gain  of  the 
MODFET  is  improved  by  2  dB  resulting  in  a  5% 
higher  PAE  than  that  of  the  conventional  wire-bonded 
one. 


(b)  SI 2 


Frequency  (GHz) 


Fig.  11.  S-parameters  of  the  flip-chip  power  MODFET  vs  that  of  the  conventional  wire-bonded  one:  (a)  S21;  (b)  S12. 
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Fig.  12.  Output  power  and  power-added  efficiency  as  a  func¬ 
tion  of  input  power  at  900  MHz. 
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5.  Conclusions 

A  GaAs  flip-chip  power  MODFET  with  a  spike-gate 
structure  has  been  developed  for  low-voltage  operation 
over  70%  PAE  and  high  gain.  The  present  power 
MODFET  achieved  a  low  on-resistance  of  1.5  £2  mm 
by  using  the  unique  gate  structure  for  which  the  effec¬ 
tive  gate  length  was  almost  zero.  The  on-resistance  was 
almost  half  of  that  without  spike.  The  flip-chip  bonded 
spike-gate  MODFET  shows  a  low  thermal  resistance 
of  12°C/W.  A  20  mm  device  gave  30.0  dBm  output 
power  with  a  PAE  of  71%  and  a  drain  bias  1.5  V.  The 
linear  power  gain  was  measured  to  be  16.0  dB.  By 
eliminating  parasitic  wire  inductance,  the  linear  gain  is 
2  dB  higher  and  the  PAE  is  5%  higher  than  that  of 
conventional  wire-bonded  MODFETs.  These  perform¬ 
ance  improvements  were  attributed  to  a  device  struc¬ 
ture  with  minimum  parasitics  due  to  spike  gate  and 
flip-chip  bonding.  The  present  flip-chip  MODFET  has 


a  great  potential  to  be  used  in  a  variety  of  mobile  com¬ 
munication  handy  sets. 
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Abstract 

A  low  power  dissipation  and  broadband  transimpedance  amplifier  IC  has  been  developed  for  sub-carrier 
multiplexing  (SCM)  optical  communication  systems  such  as  a  multi-channel  video  signal  transmission  system.  A 
0.25  pm  pseudomorphic  double-heterojunction  modulation-doped  FET  (MODFET)  is  adopted  for  the  IC  to  achieve 
the  required  bandwidth  and  noise  performance.  Specifically,  transimpedance  gain  of  52  dBQ  with  equivalent  input 
noise  current  of  12  pA/x/Hz  has  been  obtained  between  0.4-7  GHz.  In  order  to  minimize  the  group  delay  (GD) 
deviation,  a  peaking  control  technique  is  investigated.  We  also  adopted  the  flip-chip  bonding  method  to  reduce  the 
parasitic  elements.  As  a  result,  group  delay  deviation  of  less  than  30  ps  has  beeti  obtained.  A  novel  SrTi03  (STO) 
capacitor  process  technology  is  incorporated  to  realize  low  power  dissipation.  By  using  integrated  STO  capacitors 
for  DC  blocking,  single  power-supply  voltage  of  5  V  and  power  dissipation  of  300  mW  are  realized.  This  power 
dissipation  is  less  than  one  half  of  that  required  by  conventional  transimpedance  amplifiers.  ©  1999  Elsevier  Science 
Ltd.  All  rights  reserved. 


1.  Introduction 

Recently,  demands  for  high  speed  and  broadband 
optical  communication  systems  have  increased.  In  par¬ 
ticular,  sub-carrier  multiplexing  (SCM)  optical  com¬ 
munication  systems  have  been  generally  adopted  for 
multi-channel  video  signal  transmission  such  as  cable 
television  distribution.  A  super  wideband  frequency 
modulation  (FM)  scheme,  which  converts  multi-chan- 
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nel  AM  signals  to  a  FM  signal,  is  very  attractive  for 
video  signal  distribution  [1]. 

For  the  transimpedance  amplifier,  broadband  and 
low  noise  performances  are  required  with  low  power 
dissipation.  In  addition,  a  super  wideband  frequency 
modulation  scheme  requires  flat  gain  and  small  group 
delay  deviation  to  achieve  extreme  low  distortion 
characteristics  [2].  Then,  we  adopted  a  0.25  pm  pseu¬ 
domorphic  double-heterojunction  modulation-doped 
FET  (MODFET)  to  obtain  required  bandwidth  and 
low  noise  with  its  high  gain  and  low  total  input  capaci¬ 
tance.  In  order  to  minimize  the  group  delay  deviation, 
a  peaking  control  technique  is  investigated.  The  novel 
STO  capacitor  process  technology  is  also  incorporated 
to  realize  low  power  dissipation. 


0038-1 101/99/$  -  see  front  matter  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 
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Fig.  1 .  Cross-sectional  view  of  the  0.25  jim  MODFET. 

In  this  paper,  we  describe  device  structure,  a  novel 
SrTi03  (STO)  capacitor  process  technology,  circuit  de¬ 
sign  and  performance  of  the  transimpedance  amplifier 
IC. 


2.  Device  structure 

Fig.  1  shows  the  cross-sectional  view  of  the  0.25  jam 
MODFET  [3,4].  Double-doped  double-heterojunction 
structure  is  adopted  in  order  to  obtain  high  gain  and 
low  noise  with  low  power  dissipation.  The  active  part 
consists  of  an  undoped  InGaAs  channel  layer  sand¬ 
wiched  between  an  upper  «-AlGaAs  layer  and  a  lower 
w-AlGaAs  layer.  An  /-AlGaAs  layer  is  inserted  as  a 
schottky  barrier  between  «-GaAs  and  /?-AlGaAs  layer 
to  improve  breakdown  voltage.  The  gate  length  (Lg)  of 
the  MODFET  is  0.25  jim  with  mushroom-shaped  gate 
structure. 

Fig.  2  shows  typical  transfer  characteristics  of  the 
0.25  pm  MODFET.  The  threshold  voltage  (Fth)  is  cho¬ 
sen  to  be  —0.6  V.  The  maximum  transconductance 
(gnimax)  and  k- value  are  450  mS/mm  and  510  mS/ 
Vmm,  respectively.  The  breakdown  voltage  is  -8  V. 
The  current  gain  cutoff  frequency  (/t)  and  maximum 
frequency  of  oscillation  (/max)  are  42  GHz  and  110 
GHz,  respectively. 


3.  STO  capacitor  process  technology 

Fig.  3  shows  the  cross-sectional  view  of  the  IC.  We 
have  developed  high  dielectric-constant  STO  thin-film 


Fig.  2.  Typical  transfer  characteristics  of  the  0.25  pm 
MODFET. 


capacitor  on  the  GaAs  epitaxial  substrate  by  using  a 
low- temperature  RF  sputtering  method  [5-7].  RF  sput¬ 
tering  is  performed  at  200°C  to  avoid  degradation  of 
the  elaborate  heterojunction  or  ohmic  contact.  The 
STO  film  has  a  greater  than  100  relative  dielectric  con¬ 
stant  (er)  and  a  less  than  10-6  A/cm2  leakage  current 
density  at  1  MV/cm.  This  relative  dielectric  constant  is 
more  than  20  times  higher  than  that  of  a  conventional 
SiNx  film  (er  ~  6.5).  By  using  this  STO  capacitor  for 
bypassing  or  DC  blocking,  small-size  and  low-cost 
microwave  ICs  can  be  realized.  Fig.  4  shows  that  the 
STO  capacitor  can  be  used  for  a  bandwidth  of  over  20 
GHz.  Insertion  loss  is  as  low  as  0.17  dB  at  10  GHz  for 
a  100  pF  capacitor. 


4.  Design  and  fabrication 

4.1.  Circuit  design 

Fig.  5  shows  the  proposed  circuit  diagram  of  the 
transimpedance  amplifier  IC.  There  is  always  a  com¬ 
promise  between  bandwidth  and  noise  performance.  A 
large-value  feedback  resistor  (Rf)  is  desired  for  low 
noise  performance.  However,  with  a  large  feedback 


STO  Capacitor 

WSiN/Ti/Au 

0.25  Atm 
MODFET 

HBBBBHBI  /  r//iW//>i  ~KT  JZSZS2A  y~ 

S.l.  GaAs  Substrate 


Fig.  3.  Cross-sectional  view  of  the  fabricated  IC. 


K.  Fujimoto  et  al.  /  Solid-State  Electronics  43  (1999)  1413-1417 


1415 


Frequency  (GHz) 

Fig.  4.  Insertion  loss  (S21)  of  the  STO  Capacitor. 

resistor,  the  bandwidth  is  limited.  Then,  in  order  to 
achieve  the  required  bandwidth  and  low  noise  perform¬ 
ance,  higher  gain  and  low  input  capacitance  are 
required.  For  this  reason,  we  adopted  the  0.25  pm 
MODFET  with  a  270  Q  feedback  resistance.  The  out¬ 
put  impedance  is  matched  to  50  Q. 

4.2.  Group  delay 

The  peaking  technique  that  produces  a  high-fre¬ 
quency  peak  is  popular  in  order  to  increase  the  band¬ 
width.  However,  too  much  peaking  causes  large  group- 
delay  deviation  at  nearby  frequencies.  Therefore,  a 
peaking  control  technique  is  needed  to  keep  the  group 
delay  constant.  In  order  to  control  peaking,  the  gm  R L 
product  (RL:  load  resistance)  of  the  first-stage  FET 
and  parasitic  elements  such  as  drain  and/or  source 
series  inductance  are  investigated.  Fig.  6  shows  sample 
frequency  dependencies  of  transimpedance  gain  (Zt) 
and  group  delay  with  various  load  resistances.  Larger 


Fig.  5.  Proposed  circuit  diagram  of  the  transimpedance  ampli¬ 
fier  IC. 


Frequency  (GHz) 

Fig.  6.  Sample  frequency  dependencies  of  transimpedance 
gain  (Zt)  and  group  delay  (GD)  with  various  load  resistor 
(RL). 

load  resistance  causes  lower-frequency  gain  peaking 
and  larger  group  delay  deviation. 

Fig.  7  shows  the  cross-sectional  view  of  the  optical 
receiver  module.  To  reduce  parasitic  elements,  we  also 
adopted  the  flip-chip  bonding  method.  The  GaAs  IC 
and  an  avalanche  photo  diode  (APD)  are  mounted  on 
an  alumina  substrate  by  using  the  stud  bump  bonding 
(SBB)  technique.  Finally,  the  load  resistance  (RL)  of 
the  first-stage  FET  is  determined  by  optimizing  gm RL 

Fiber 
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Fig.  8.  Microphotograph  of  the  fabricated  transimpedance 
amplifier  IC.  (Chip  size:  1.29  mm  x  1.14  mm). 
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Fig.  9.  Transimpedance  gain  of  the  IC  measured  with  an  ava¬ 
lanche  photo  diode. 


and  parasitic  elements.  This  way,  the  group  delay  devi¬ 
ation  has  been  improved  over  the  frequency  range  of 


0.4-7  GHz. 


4.3.  Power  dissipation 

Conventional  transimpedance  amplifier  requires  two 
supply  voltages  (+Fdd  and  -  Vss).  However,  the 
0.25  pm  MODFET  can  operate  with  a  drain  voltage  of 
only  2-3  V.  Moreover,  level-shifting  diodes  are  sensi¬ 
tive  to  temperature.  Therefore,  in  order  to  realize  low 
power  dissipation  and  wide-temperature-range  oper¬ 
ation,  level-shifting  diodes  are  replaced  by  DC  block¬ 
ing  STO  capacitors.  As  a  result,  this  IC  can  operate 
with  a  Vdd  of +5  V  without  -Fss  (negative  gate  bias 
voltage  is  still  needed),  and  less  than  1  /2  power  dissipa¬ 
tion  is  realized  compared  with  conventional  transimpe¬ 
dance  amplifier  with  level-shifting  diodes. 

4.4.  Fabrication 

Fig.  8  shows  the  microphotograph  of  the  fabricated 
transimpedance  amplifier  IC.  The  chip  size  of  the  tran¬ 
simpedance  amplifier  IC  is  1.29  x  1.14  mm.  Resistors 
with  a  sheet  resistance  of  50  H/square  are  made  by 
using  a  thin-film  NiCr  process. 


5.  Performance 

Fig.  9  shows  the  transimpedance  gain  of  the  IC 
measured  with  an  avalanche  photo-diode.  A  transim¬ 
pedance  (Z{)  of  52  dB Q.  with  a  -3  dB  bandwidth  of  7 
GHz  is  obtained.  Fig.  10  shows  that  the  equivalent 


Frequency  (GHz) 

Fig.  10.  Noise  performance  of  the  IC. 


Frequency  (GHz) 

Fig.  11.  Group  delay  (GD)  of  the  IC. 
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input  noise  current  is  less  than  12  pA/VHz.  Fig.  11 
shows  that  the  group  delay  deviation  is  less  than  30  ps 
between  0.4-7  GHz.  The  output  return  loss  (S22)  is  less 
than  -8  dB  over  the  same  frequency  range.  This  IC  op¬ 
erates  from  a  single  +5  V  supply  at  less  than  60  mA. 
Thus,  the  power  dissipation  is  less  than  300  mW.  This  is 
less  than  one  half  of  that  required  by  conventional  ICs 
with  level-shifting  diodes.  These  results  indicate  that  the 
transimpedance  amplifier  IC  developed  in  this  work  is 
suitable  for  the  SCM  optical  communication  system. 

6.  Conclusion 

We  have  successfully  developed  a  low  power  dissipa¬ 
tion  and  broadband  transimpedance  amplifier  for  the 
SCM  optical  communication  system.  Using  a  novel 
STO  capacitor  process,  we  have  integrated  large- value 
capacitors  (~200  pF)  on  GaAs  without  degrading  the 
0.25  pm  MODFET.  By  using  integrated  STO  capaci¬ 
tors  for  DC  blocking,  single  low  power  supply  voltage 
and  low  power  dissipation  is  realized. 
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Abstract 

This  paper  describes  1.95  GHz  power  performance  of  a  double-doped  AlGaAs/InGaAs/AlGaAs  heterojunction 
FET  (HJFET)  operated  at  3.5  V  drain  bias  voltage  for  Wide-band  CDMA  (W-CDMA)  cellular  phone  systems.  An 
HJFET  with  a  novel  multilayer  cap  and  a  narrow  recess  structure  showed  a  low  on-resistance  (R0 n)  of  1 .4  ohm  mm. 
With  an  optimum  output  impedance  matching  at  a  reduced  quiescent  drain  current  of  80  mA  (less  than  1  %  of  the 
maximum  drain  current),  the  HJFET  exhibited  a  high  power  added  efficiency  (PAE)  of  44.2%  with  an  output  power 
of  600  mW  (28.0  dBm)  and  an  adjacent  channel  leakage  power  ratio  (ACPR)  of  -43  dBc  at  5  MHz  off-center 
frequency.  This  high  PAE  obtained  was  ascribed  to  an  ACPR  dip  behavior  with  respect  to  the  input  power  at 
around  the  W-CDMA  criteria.  Through  an  ACPR  simulation  with  measured  AM-AM  and  AM-PM  conversion 
characteristics,  the  AM-AM  conversion  characteristic  was  found  to  dominate  the  W-CDMA  ACPR  rather  than  the 
AM-PM  conversion.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Much  attention  has  been  paid  to  Wide-band  CDMA 
(W-CDMA)  cellular  phone  system  as  a  candidate  for 
the  next  generation  cellular  phones  standard  (IMT- 
2000)  to  further  increase  data  stream  rate  and  expand 
system  capacity  [1].  Since  W-CDMA  system  requires 
lower  distortion  characteristic  than  the  IS-95  system 
due  to  the  strict  adjacent  channel  leakage  power  ratio 
(ACPR)  criteria  (-40  dBc  at  5  MHz  off-center  fre¬ 
quency  with  a  4.096  Mcps  chip  rate),  transmitter 
amplifiers  for  the  W-CDMA  system  must  be  operated 
at  high  output  back-off  level  from  the  saturation 
power  under  near  class  A  operation.  This  results  in  sig- 
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nificantly  poor  power  added  efficiency  (PAE).  In  ad¬ 
dition,  a  low  voltage  operation  of  less  than  3.6  V  is 
required  for  the  light  weight  handsets  to  employ  Li-ion 
battery,  which  has  a  maximum  power  density  per 
volume  (also  weight)  among  rechargeable  batteries.  To 
achieve  low  voltage  operation  with  high  PAE,  low  on- 
resistance  (Ron)  is  a  key  issue  [2].  In  this  work,  a  low 
Ron  of  1.4  ohm  mm  has  been  accomplished  with  a 
novel  power  HJFET  structure  and  low  quiescent  drain 
current  (/q)  biasing  has  been  investigated  for  high  PAE 
operation.  These  result  in  a  remarkably  high  PAE  of 
44.2%  satisfying  the  W-CDMA  criteria. 


2.  Device  structure 

Fig.  1  shows  the  cross  section  of  the  developed 
HJFET.  The  active  part  of  the  FET  consists  of  a 
15  nm-thick  undoped  Ino.2Gao.8As  channel  layer  sand¬ 
wiched  between  upper  and  lower  Si-doped 
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Alo.22Gao.7sAs  layers.  A  15  nm-thick  undoped 
Alo.22Gao.78As  Schottky  layer  was  incorporated  on  the 
upper  Si-doped  Alo.22Gao.7sAs  layer  to  achieve  a  high 
gate-to-drain  breakdown  voltage  {BVgd)  [3].  A  double 
recess  structure  was  fabricated  by  electron  cyclotron 
resonance  plasma  dry-etching  with  SF6  and  BC13 
gases,  using  Alo.22Gao.7sAs  layers  as  etch  stops  [4],  and 
the  resulting  standard  deviation  of  the  threshold  vol¬ 
tage  (VT)  was  as  small  as  20  mV  on  a  4"  wafer.  WSi 
metal  was  sputter-deposited  onto  the  narrow  recess  to 
form  a  0.7  pm  long  gate.  With  this  recessed  gate  struc¬ 
ture,  parallel  conduction  and  surface  trapping  effects 
are  suppressed,  thus  resulting  in  a  low  Ron  as  well  as 
preventing  from  pre-mature  power  saturation  [3]. 

We  investigated  two  novel  designs  for  the  HJFET. 
The  first  is  a  multilayer  cap  consisting  of  highly  Si- 
doped  GaAs,  undoped  GaAs  and  highly  Si-doped 
AlGaAs  layers.  The  multilayer  cap  was  designed  to 
reduce  the  potential  barrier  height  of  the  AlGaAs 
layer,  which  is  indispensable  as  an  etch  stop  for  the 
wide  recess  formation,  as  shown  above.  Two  dimen¬ 
sional  electron  gases  are  formed  at  the  upper  and 
lower  interface  of  the  AlGaAs  etch  stop  layer,  thus  the 
potential  barrier  height  of  the  AlGaAs  is  reduced. 
With  this  structure,  0.1  ohm  mm  reduction  of  Ron  was 
achieved  due  to  a  reduction  of  the  contact  resistance 
between  the  cap  and  the  channel  layers.  The  second 
design  is  a  narrow  recess  structure.  In  this  investi¬ 
gation,  total  recess  width  (Lw)  from  1.0  to  2.3  pm  were 


employed  with  a  0.7  pm  long  gate.  Fig.  2  shows  the 
dependence  of  Ron  on  Lw  of  HJFETs  with  and  without 
the  multilayer  cap.  We  found  that  1.0  pm  shrinkage  of 
Lw  reduces  Ron  by  0.3  ohm  mm.  Though  a  lower  Ron 
can  be  obtained  by  reducing  Lw,  further  reduction  in 
Lw  results  in  the  degradation  in  BV gd.  Fig.  3  shows  the 
dependence  of  BVgd  on  the  gate-to-drain  spacing  (Lgdr) 
of  HJFETs.  An  HJFET  with  Lgdr  of  0.4  pm  achieved 
a  7?Fgd  of  more  than  13.5  V,  which  is  sufficiently  high 
for  Li-ion  battery  operation  [5].  Thus  the  optimized 
recess  structure  was  determined  to  be  Lw  of  1.5  pm 
with  Lgdr  of  0.4  pm,  resulting  in  a  low  Ron  of  1 .4  ohm 
mm.  This  Ron  is  0.7  ohm  mm  lower  than  the  pre¬ 
viously  reported  HJFET  [6]. 


3.  Results  and  discussions 

3.1.  DC  characteristics 

Fig.  4  shows  the  drain  I-V  characteristics  of  the 
HJFET.  The  fabricated  FET  exhibited  a  maximum 


Lgdr(^m) 


Fig.  3.  BVgd  vs  Lgdr  for  the  fabricated  HJFET 
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drain  current  (7max)  of  580  mA  mm-1  at  a  gate-to- 
source  voltage  (Vgs)  of  1.25  V.  The  BVgd  was  14.2  V. 
A  maximum  gm  of  400  mS  mm-1  was  achieved  at 
around  Fgs  of  0  V.  The  threshold  voltage  was  —0.6  V. 

3.2.  Power  performance 

A  25.6  mm  gate  width  HJFET  was  evaluated  at  1.95 
GHz  with  QPSK  signal  of  a  4.096  Mcps  chip  rate.  The 
device  was  mounted  on  the  heat  sink  of  a  ceramic 
package  of  9  mm  x  6  mm  in  size,  and  was  grounded 
by  plated  gold  through  the  chip  side.  Through  load- 
pull  measurements  with  computer  controlled  tuners, 
the  optimum  load  impedance  (ZL)  and  source  impe¬ 
dance  (Zs)  were  evaluated.  Fig.  5  shows  the  PAE  and 
ACPR  dependence  on  ZL  evaluated  at  Pout  =  28  dBm. 
The  ZL  for  maximum  PAE  was  around  3.5-j8.0  ohm. 
This  impedance  is  higher  than  that  for  the  maximum 
P out  (2.7— j  12.3  ohm).  ACPR  was  found  to  be  strongly 
affected  by  the  imaginary  part  of  ZL  and  the  ACPR 
becomes  lower  as  the  imaginary  part  of  ZL  decreases. 


Fig.  5.  PAE  and  ACPR  vs  ZL  at  7^  =  28  dBm. 


Fig.  6.  7*out,  PAE,  gain  and  ACPR  vs  Pm  at  7q  of  80  mA. 


A  ZL  of  4.0— j  1 2.2  was  chosen  to  obtain  maximum 
PAE  with  an  ACPR  of  —43  dBc.  Fig.  6  shows  Pout, 
PAE,  gain  and  ACPR  as  a  function  of  Pm  for  the 
HJFET.  At  a  drain  bias  voltage  (Fds)  of  3.5  V  and  a 
quiescent  drain  current  (7q)  of  80  mA  (  <  1  %  7max),  the 
HJFET  demonstrated  a  7*out  of  600  mW  (28.0  dBm) 
and  a  PAE  of  44.2%  with  an  associated  gain  (Ga)  of 
9.7  dB  at  ACPR-— 43  dBc.  This  PAE  is  the  best 
value  among  power  transistors  for  the  W-CDMA  cel¬ 
lular  phones  [7].  A  dip  was  observed  in  ACPR  at 
around  the  W-CDMA  criteria  of  7%  =17  dBm.  The 
dip  behavior  was  found  to  be  important  for  high  PAE 
operation  of  the  HJFET  within  the  W-CDMA  criteria, 
as  will  be  discussed  later.  Fig.  7  shows  7>out,  PAE,  gain 
and  ACPR  as  a  function  of  Pin  at  7q  =  300  mA  (3% 
7max)  for  the  same  HJFET.  The  HJFET  exhibited 
lower  PAE  of  33.2%  with  a  Pout  of  600  mW  (28.0 
dBm)  at  ACPR  =  -43  dBc.  Under  this  condition,  the 
ACPR  increases  monotonically  with  7%  and  no  dip 


Fig.  7.  Pout,  PAE,  gain  and  ACPR  vs  Pin  at  7q  of  300  mA. 
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Fig.  10.  Pout,  PAE,  gain  and  ACPR  vs  Pin. 


was  observed.  The  ACPR  and  PAE  as  a  function  of 
Pout  for  7q  values  of  80  mA  and  300  mA  are  compared 
in  Fig.  8.  Although  the  7q  =  300  mA  condition  pro¬ 
vided  a  better  ACPR  at  a  lower  Pout  level  of  less  than 
26  dBm,  the  7q  =  80  mA  condition  also  satisfies  the  cri¬ 
teria  of  —43  dBc.  In  the  higher  output  power  range, 
the  ACPRs  of  these  two  conditions  were  similar.  Since 
lower  7q  condition  provides  lower  operation  current  at 
an  identical  Pout  level,  the  PAE  at  the  criteria  is  signifi¬ 
cantly  improved. 

Fig.  9  shows  Pout,  PAE  and  Ga  as  a  function  of  7q 
at  ACPR  of  -43  dBc.  The  HJFET  was  found  to  exhi¬ 
bit  a  maximum  PAE  of  44.2%  at  7q  =  80  mA.  For  an 
7q  range  of  less  than  60  mA,  Pout  and  PAE  at  the  cri¬ 
teria  drastically  degraded  due  to  the  rapid  increase  in 
ACPR  in  the  lower  output  power  range.  This  shows 
setting  of  quiescent  drain  bias  current  is  critical  for  the 
W-CDMA  performance  of  the  HJFET. 


The  power  performance  was  also  evaluated  as  a 
function  of  Fds  ranging  from  1.0  to  5.7  V.  Fig.  10 
shows  the  Pout,  PAE  and  Ga  dependence  on  Kds  at 
ACPR  of  -43  dBc.  For  Fds  of  above  2.5  V,  a  high 
PAE  of  more  than  40%  with  Pout  of  more  than  300 
mW  was  achieved.  Operated  at  a  reduced  Kds  of  1.2  V, 
rather  high  PAE  of  29.2%  with  Pout  of  60  mW  was 
obtained.  These  results  indicate  that  the  developed 
HJFET  is  suitable  for  W-CDMA  cellular  phones  that 
require  high  PAE  over  a  wide  range  of  output  power. 

3.3.  ACPR  simulation 

An  ACPR  simulation  was  carried  out  using  Omnisys 
system  model  simulator  (HP-EESOF).  A  behavioral 
model  (GCOMP7  model)  of  the  HJFET  was  con¬ 
structed  for  the  analysis  utilizing  measured  AM-AM 
and  AM-PM  conversion  characteristics.  Fig.  1 1  shows 
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Fig.  1 1 .  AM-AM  and  AM-PM  conversion  characteristics  for 
the  HJFET. 
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the  AM-AM  and  AM  PM  conversion  characteristics 
of  the  HJFET  measured  at  1 .95  GHz  using  single  tone 
input  signals.  An  input  power  range  over  30  dBm  was 
provided  by  a  vector  network  analyzer  with  a  booster 
amplifier.  The  conversion  characteristics  were 
measured  under  two  7q  conditions  at  80  mA  and  300 
mA.  For  the  7q  =  80  mA  case,  gain  expansion  of  ap¬ 
proximately  0.6  dB  was  observed  at  Pin  of  around  17 
dBm,  whilst  no  gain  expansion  was  observed  at 
7q  =  300  mA.  The  phase  deviations  at  the  criteria  were 
similar  between  the  two  cases. 

Fig.  12  shows  the  measured  and  calculated  ACPRs 
as  a  function  of  P out-  The  calculated  ACPR  was  in 
good  accordance  with  the  measured  one  for  both  /q 


Fig.  13.  Measured  and  calculated  ACPRs  vs  Pin  with  and 
without  AM-PM  characteristics. 


values.  The  calculated  ACPR  of  the  /q  =  80  mA  con¬ 
dition  also  shows  dip  at  Pin  of  around  17  dB.  The  dis¬ 
agreement  observed  at  lower  input  power  level  is  due 
to  the  noise  floor  of  the  spectrum  analyzer  employed, 
which  limits  the  dynamic  range  of  measurements. 

Another  ACPR  simulation  was  carried  out  to  inves¬ 
tigate  the  effect  of  phase  distortion  of  the  HJFET.  In 
the  simulation,  the  AM-AM  conversion  characteristic 
was  used  by  assuming  no  phase  deviation  throughout 
the  Pin  range.  Fig.  13  shows  the  measured  and  calcu¬ 
lated  ACPRs  with  and  without  AM-PM  characteristic. 
The  calculated  ACPR  without  AM-PM  conversion 
characteristic  is  still  in  good  accordance  with  measured 
one  and  also  shows  the  dip  behavior.  This  indicates 
that  the  AM-AM  conversion  characteristic  dominates 
the  overall  ACPR  level  of  the  W-CDMA  system  under 
low  7q  operation  and  the  AM-PM  characteristic  has  a 
minimal  effect.  This  implies  a  linearizer  that  improves 
an  AM-AM  characteristic  will  be  effective  to  further 
enhance  the  PAE  of  the  HJFET  amplifier  for 
W-CDMA  application. 


4.  Conclusions 

1.95  GHz  power  performance  of  a  double-doped 
AlGaAs/InGaAs/AlGaAs  HJFET  operated  at  3.5  V 
drain  bias  voltage  for  W-CDMA  cellular  phone  sys¬ 
tems  was  discussed.  An  HJFET  with  a  novel  multilayer 
cap  and  a  narrow  recess  structure  showed  a  low  Pon  of 
1.4  ohm  mm.  With  an  optimum  output  matching  at  a 
reduced  7q  of  80mA  ( <  1  %  7max),  the  HJFET  exhibited 
a  high  PAE  of  44.2%  with  Pout  of  600  mW  (28.0  dBm) 
at  a  low  ACPR  of  —43  dBc.  This  high  PAE  obtained 
was  ascribed  to  an  ACPR  dip  behavior  with  respect  to 
the  input  power  at  around  the  W-CDMA  criteria. 

ACPR  simulation  indicated  that  the  AM-AM  con¬ 
version  characteristic  dominates  the  W-CDMA  ACPR 
rather  than  the  AM-PM  conversion.  These  results  in¬ 
dicate  that  the  developed  HJFET  tuned  for  low  7q  bias 
condition  has  a  great  potential  for  W-CDMA  cellular 
phone  applications,  which  can  be  operated  with  one 
Li-ion  battery  cell. 
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Abstract 

The  reliability  of  InGaP/GaAs  heterojunction  bipolar  transistors,  whose  base  layer  was  doped  with  C  to  1  x  1020 
cm-3,  was  investigated  at  an  emitter  current  density  JE  of  1  and  2  x  105  A/cm2.  The  bias  stress  with  JE  =  2  x  105  A/ 
cm2  increased  emitter  resistance  i?E,  but  that  with  JE=  1  x  105  A/cm2  did  not  change  RE  even  at  a  base-emitter 
junction  temperature  T}  of  275°C.  Bias  stress  also  increased  base  current  /B.  An  ideality  factor  of  1.8  for  the 
increased  /B  indicates  that  a  generation-recombination  process  in  the  emitter  depletion  region  dominated  the 
increase  in  /B  under  the  low  injection  condition.  The  increase  in  /B  under  the  high  injection  condition  indicates  that 
the  minority  carrier  lifetime  in  the  neutral  base  region  decreased  with  the  bias  stress.  The  activation  energy  for  the 
current  gain  degradation  due  to  this  /B  increase  under  the  high  injection  condition  was  1.1  eV.  A  fairly  long  lifetime 
of  8.8  x  104  h  was  extrapolated  at  7j=125°C  when  /E=l  x  105  A/cm2.  ©  1999  Elsevier  Science  Ltd.  All  rights 
reserved. 


1.  Introduction 

InGaP/GaAs  heterojunction  bipolar  transistors 
(HBTs)  have  attracted  considerable  attention  as  a  po¬ 
tential  replacement  for  AlGaAs/GaAs  HBTs  in  the 
field  of  high-speed  integrated  circuit  applications  [1-3]. 
The  large  valence  band  discontinuity  at  the  InGaP/ 
GaAs  interface  improves  the  carrier  injection  efficiency, 
enabling  much  higher  base  doping  levels  [4,5],  and  the 
low  surface  recombination  velocity  of  InGaP  can 
reduce  the  base  leakage  current  [6,7],  which  improves 
reliability  characteristics  [8]. 

To  fully  utilize  the  excellent  performance  of  these 
HBTs,  their  base  should  be  as  highly  doped  as  possible 
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(up  to  1  x  1020  cm-3)  and  they  should  be  operated  at 
a  high  emitter  current  density  JE  (JE=  1-2  x  105  A/ 
cm2  [9])  at  which  the  cutoff  frequency  fT  and  maximum 
oscillation  frequency  /max  peak.  However,  in  a  previous 
study,  the  base  doping  level  and  the  JE  during  bias 
testing  were  quite  low  (4  x  10 19  cm-3  and  6  x  104  A/ 
cm2,  respectively  [8]).  To  investigate  the  degradation 
characteristics  of  HBTs  that  have  a  heavily  doped  base 
and  are  operated  under  a  very  high  current-density 
condition,  we  have  fabricated  InGaP/GaAs  HBTs 
whose  base  layer  was  doped  with  C  to  1  x  1020  cm-3 
and  carried  out  bias  testing  at  JE  —  1  and  2  x  105  A / 


2.  Experiments 

The  epitaxial  layer  structures  were  grown  on  a  semi- 
insulating  GaAs  (100)  substrate  by  gas-source  molecu- 
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Fig.  1.  Schematic  cross-section  of  the  fabricated  HBTs. 


lar  beam  epitaxy  using  Si  and  C  as  n-  and  p- type 
dopants,  respectively.  A  triple  emitter  cap  layer  was 
used  to  reduce  emitter  resistance  RE :  50  nm-thick 
Ino.5Gao.5As  doped  to  4  x  1019  cm-3,  50  nm-thick 
GaAs  doped  to  5  x  1018  cm-3,  and  50  nm-thick 
Ino.5Gao.5P  doped  to  8  x  1018  cm-3.  The  Ino.5Gao.5P 
emitter  layer  was  50  nm  thick  and  doped  to  1  x  1018 
cm-3.  The  GaAs  base  layer  was  30  nm  thick  and 
doped  to  1  x  1020  cm-3.  The  H  concentration  in  the 
base  layer  measured  by  secondary-ion  mass  spec¬ 
trometry  was  about  5  x  1018  cm-3.  The  collector  layer 
was  200  nm-thick  undoped  GaAs.  The  GaAs  subcol¬ 
lector  layer  was  800  nm  thick  and  doped  to  5  x  1018 
cm^3. 

A  schematic  cross  section  of  the  fabricated  HBTs  is 
shown  in  Fig.  1.  We  fabricated  mesa  structure  transis¬ 
tors  with  an  emitter  metal  area  5E  of  2  x  5  pm  by 
using  selective  wet  chemical  etching  and  a  standard 
photolithographic  process  [9].  The  InGaAs  and  GaAs 
cap  layers  were  etched  with  H3PO4  +  H202  +  H20 
using  the  WSi  emitter  electrode  as  an  etching  mask. 
The  InGaP  cap  and  emitter  layers  were  etched  with 
HC1  only  where  the  Au/Pt/Ti/Mo/Ti/Pt  base  electrode 
was  formed.  We  left  the  InGaP  layers  on  the  1  pm- 
long  extrinsic  base,  expecting  them  to  act  as  a  surface 
passivation  layer  to  reduce  surface  recombination 
[10,11].  After  the  base  mesa  and  the  collector  mesa 
were  formed  by  wet  chemical  etching  using  a  photore¬ 
sist  as  an  etching  mask,  Au/Ni/W/AuGe  was  evapor¬ 
ated  onto  the  subcollector  layer  and  alloyed  at  350°C 
for  30  min.  The  effective  emitter  area,  determined  by 
the  emitter  size  dependence  of  collector  current  7C,  was 
1.2  x  3.4  pm.  The  SE  independence  of  current  gain  hFE 
reported  previously  [9]  indicates  that  surface  effect  is 
negligibly  small  even  for  such  small  transistors. 


Bias  testing  was  carried  out  using  a  substrate  tem¬ 
perature  Ts  of  170°C,  JE  of  1  and  2  x  105  A/cm2,  and 
a  collector-base  bias  VCb  ranging  from  -0.5  to  +4  V. 
The  base-emitter  junction  temperature  during  bias  test¬ 
ing,  7j,  was  estimated  from  the  dependence  of  hFE  on 
the  power  consumption  and  Ts  [12]. 


3.  Results  and  discussion 

Fig.  2  shows  Gummel  plots  of  the  HBTs  before  and 
after  30  h-long  bias  stress  at  JE  —  2  x  105  A/cm2  and 
VCb  =  0  V.  We  observed  a  forward  base-emitter  voltage 


Fig.  2.  Gummel  plots  of  the  fabricated  HBTs  before  (solid 
line)  and  after  (dashed  line)  30-h  bias  stress  at  7E  =  2  x  105  A/ 
cm2  and  FCB  =  0  V. 
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(VBE)  shift  of  4.8  mV  for  7c,  i.e.,  a  5.4%  reduction  of 
7C  when  Fbe  <  12  V.  Since  this  reduction  of  Ic  agrees 
with  the  ratio  of  H  vs  C  concentration  in  the  base 
(5%),  we  believe  that  debonding  of  H  from  C-H  pairs 
occurred  during  the  bias  testing  [13]. 

In  Fig.  2,  we  also  observed  increases  in  RE  and  base 
current  /B.  The  RE,  determined  from  emitter  current  IE 
vs  VBE  linear  plots,  was  12.7  £2  before  and  17.1  Q  after 
the  stress.  There  are  two  possible  causes  for  this  RE 
increase.  One  is  carrier  depletion  at  the  InGaAs/GaAs 
interface  due  to  an  increased  density  of  misfit  dislo¬ 
cations.  The  other  is  degradation  of  the  WSi/InGaAs 
interface,  possibly  due  to  segregation  of  In  into  the 
WSi.  Since  a  similar  RE  increase  was  observed  for  the 
InGaAs  cap  layer  of  InP/InGaAs  HBTs  lattice- 
matched  to  InP  substrates  [14],  this  RE  increase  should 
be  attributed  to  increased  contact  resistivity  of  the  WSi 
on  the  InGaAs  cap  layer.  We  found  that  when 
/E=lxl05  A/cm2,  Re  did  not  change  even  at 
7j  =  275°C.  Therefore,  we  concluded  that  the  maximum 
JE  should  be  1  x  105  A/cm2  for  practical  applications. 

The  ideality  factor  n  for  /B  after  the  stress  (Fig.  2) 
was  1.8  when  VBE  <  1.3  V.  Since  the  base  layer  was 
heavily  doped  to  1  x  1020  cm-3,  we  believe  that  a  gen¬ 
eration-recombination  process  in  the  emitter  depletion 
region  dominated  the  increase  in  IB  under  the  low 
injection  condition.  The  IB  also  increased  under  the 
high  injection  condition,  as  shown  in  Fig.  3.  This  indi¬ 
cates  that  the  minority  carrier  lifetime  in  the  neutral 
base  region  decreased  with  the  bias  stress.  We  defined 
the  lifetime  of  the  HBTs  as  the  time  taken  for  the  peak 
hFE  to  decrease  by  20%.  The  dependence  of  the  life¬ 
time  on  7j  is  shown  in  Fig.  4.  The  activation  energy  Ea 


Fig.  3.  Dependence  of  current  gain  on  the  collector  current 
before  (solid  line)  and  after  (dashed  line)  30-h  bias  stress  at 
4=2  x  105  A/cm2  and  VCn  =  0  V. 
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Fig.  4.  Arrhenius  plots  of  the  lifetime  of  the  fabricated  HBTs. 


was  1.1  eV  for  both  JE=l  and  2  x  105  A/cm2.  This  is 
within  the  range  of  reported  values  (from  0.7  to  2.0  eV) 
for  InGaP/GaAs  HBTs  [15,16].  The  extrapolated  life- 
time  at  7}  =  125°C  was  1.7  x  104  h  for  /E  =  2  x  105  A/ 
cm2  and  8.8  x  104  h  for  J^=\x  105  A/cm2.  Thus, 
these  HBTs  remain  very  stable  even  under  a  very  high 
current-density  condition. 


4.  Conclusions 

We  investigated  the  current-induced  degradation  of 
InGaP/GaAs  HBTs,  whose  base  layer  was  doped  with 
C  to  1  x  1020  cm"3,  with  JE=\  and  2  x  105  A/cm2. 
The  bias  stress  with  JE~2  x  105  A/cm2  increased  RE, 
which  we  attributed  to  increased  contact  resistivity  of 
the  WSi  electrode  on  the  InGaAs  cap  layer.  The  bias 
stress  with  JE=  1  x  105  A/cm2,  on  the  other  hand,  did 
not  change  RE  even  at  7j  =  275°C.  Therefore,  we  con¬ 
cluded  that  the  maximum  JE  should  be  1  x  105  A/cm2 
for  practical  applications.  Bias  stress  also  increased  IB. 
The  increase  in  IB  with  n~2  indicates  that  a  gener¬ 
ation-recombination  process  in  the  emitter  depletion 
region  dominated  under  the  low  injection  condition. 
The  increase  in  IB  under  the  high  injection  condition 
indicates  that  the  minority  carrier  lifetime  in  the  neu¬ 
tral  base  region  decreased  with  the  bias  stress.  The  ac¬ 
tivation  energy  for  the  hEE  degradation  due  to  this  IB 
increase  under  the  high  injection  condition  was  1.1  eV. 
A  fairly  long  lifetime  of  8.8  x  104  h  for  JE=  1  x  105  A / 
cm2  was  extrapolated  at  7j=  125°C,  showing  that  these 
HBTs  remain  very  stable  even  under  a  very  high  cur¬ 
rent  density. 
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Abstract 

Conventional  and  thermally-stable  cascode  HBT  (TSC-HBT)  were  fabricated  using  a  self-aligned  emitter-base 
process  on  MOCVD-grown  wafers.  The  pronounced  self-heating  effect  of  conventional  AlGaAs/GaAs  HBT  was 
reduced  dramatically  by  the  cascode  design  approach.  The  DC,  small  and  large-signal  characteristics  of  conventional 
common-emitter  (CE)  and  TSC-HBTs  were  compared  and  a  direct  assessment  of  the  new  HBT  design  is 
provided.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

AlGaAs/GaAs  heterojunction  bipolar  transistors 
(HBTs)  have  been  implemented  for  a  wide  range  of 
power  applications  such  as  power  amplifiers  and  mix¬ 
ers.  However,  the  low  thermal  conductivity  of  the  ma¬ 
terial  causes  pronounced  thermal  effects,  which  are  an 
important  issue  for  power  applications.  To  control 
these  effects,  various  approaches  have  been  used  in  the 
past  including  ballast  resistors  and  thermal-shunt 
structures  [1-3].  More  recently,  a  new  Thermally- 
S table  Cascode  HBT  (TSC-HBT)  design  was  devel¬ 
oped,  which  not  only  provides  an  effective  solution  to 
the  thermal  runaway  issue,  but  also  can  improve  the 
robustness  of  high  power  HBTs  under  overstressed  DC 
or  RF  bias  conditions  [4].  The  TSC-HBT  employs  the 
cascode  configuration  to  regulate  the  current  in  each 
emitter  finger  independently.  In  other  words,  the  cas¬ 
code  HBTs  reduce  the  undesired  thermal  effects  by 
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locating  the  current  and  power  generation  regions  into 
separate  temperature  zones. 

In  this  paper,  the  performance  of  conventional  and 
cascode  HBTs  are  compared  under  dc,  small-signal  and 
large-signal  conditions.  In  addition,  a  Gummel-Poon 
based  model  including  thermal  sub-circuit  and  behavior 
sources  is  used  to  simulate  the  junction  temperature 
increase  and  to  provide  a  clearer  picture  of  device 
characteristic  [5,6].  Conventional  HBTs  with  identical 
characteristics  to  the  common-emitter  (CE)  stage  of  the 
cascode  configuration  are  used  for  comparison.  The 
large-signal  model  of  the  cascode  configuration  also 
used  two  single  HBT  stages  with  identical  character¬ 
istics  to  those  of  conventional  HBTs.  We  found  that 
TSC-HBT,  in  addition  to  being  more  robust,  can  pro¬ 
vide  higher  power  gain  and  efficiency  than  the  conven¬ 
tional  HBTs  at  microwave  frequencies. 

2.  Device  design  and  fabrication 

A  TSC-HBT  is  made  up  of  a  CE  and  a  CB  stage 
connected  as  shown  in  Fig.  1.  In  such  a  device,  the  CB 
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Fig.  1.  Schematic  drawing  of  a  TSC-HBT  cell  showing  indi¬ 
vidual  connection  between  CE  and  CB  stages. 


stage  that  provides  the  output  power  (and  therefore 
becomes  hot)  is  physically  separated  from  the  part  that 
regulates  the  current  (CE-stage).  Because  the  electro¬ 
thermal  feedback  is  effectively  eliminated  in  this  con¬ 
figuration,  the  collector  current  remains  uniformly 
distributed  across  all  parts  of  the  CB  stage.  The  net 
result  is  that  a  uniform  temperature  distribution  is 
achieved  at  all  DC  and  RF  drive  levels  without  ther¬ 
mal  instability.  As  shown  by  the  results  of  this  paper. 


this  increased  thermal  stability  is  possible  without  com¬ 
promising  the  microwave  performance  of  power  HBT 
cells. 

All  devices  studied  here  were  fabricated  on 
MOCVD-grown  100-mm  diameter  wafers  with  a  self- 
aligned  emitter-base  process.  A  constant  emitter  geo¬ 
metry  2.5  x  20  pm2  was  used  in  all  designs.  The  con¬ 
ventional  CE  HBT  had  four  emitter  fingers  separated 
by  30  pm.  A  similar  layout  configuration  was  used  for 
the  CE  and  the  CB  stages  of  the  cascode  cell  with  100 
pm  separation  between  the  stages.  This  separation  dis¬ 
tance  was  found  from  computer  simulations  to  be  suffi¬ 
cient  to  provide  thermal  isolation  between  the  stages. 
To  increase  the  thermal  stability,  thermal  shunt  struc¬ 
tures  were  used  for  both  the  conventional  HBT  and 
the  CE  stage  of  the  TSC-HBT.  The  thermal  shunt 
structure  provides  stronger  thermal  coupling  between 
adjacent  emitter  fingers  and  therefore  can  minimize  the 
variation  in  the  current  value  of  each  emitter  finger  of 
the  cell.  In  the  case  of  the  conventional  HBT,  the  ther¬ 
mal  shunt  approach  alleviates  the  thermal  runaway 
conditions  and  allows  higher  power  operation.  For  a 
TSC-HBT,  the  thermal  shunt  serves  to  minimize  the 
temperature  difference  between  the  emitter  fingers  of 
the  CE  stage  to  ensure  a  uniform  collector  current 
supply  to  the  CB  stage.  No  separate  thermal-shunt 
structure  was  used  for  the  CB  stage.  The  final  sub¬ 
strate  thickness  was  100  pm  for  all  devices. 


Vce  (v)—  Cascode  HBTs 

23456789  10 


Vce  (V) —  Conventional  HBTs 


Fig.  2.  Forward  Ic-  Vcc  characteristics  for  conventional  and  cascode  HBTs.  /b  =  0.3,  0.6,  .. .,  2.4  mA,  ^  =  0-5  V  for  conventional 
HBT  and  2.5-10  V  for  cascode  HBTs. 
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Vce  (V)  -  Cascode  HBTs 


2  4  6  8  10 


Fig.  3.  Simulated  junction  temperature  increase  for  conventional,  cascode  CE  stage  and  CB  stage  HBTs.  Ib~  2.4  mA,  Vce  =  0-5  V 
for  conventional  HBTs  and  2.5-10  V  for  cascode  HBTs. 


An  identical  cell  layout  approach  was  used  in  TSC- 
HBTs  for  both  CE  and  CB  stages.  Virtually  complete 
thermal  isolation  was  provided  between  CE  and  CB 
stages  by  separating  these  cells  by  at  least  100  pm. 
Thermal  shunt  structures  were  used  for  the  CE  stage 
to  minimize  the  temperature  variation  between  emitter 
fingers  and  therefore  maintain  a  uniform  collector  cur¬ 
rent  generation.  The  collector  of  each  CE  subcell  was 
directly  connected  to  the  corresponding  emitter  of  the 
CB  subcell.  No  thermal  shunt  structures  were  used  for 
the  CB  stage  cell. 

We  compared  the  performance  of  4-finger  cells  (4- 
finger  subcells  for  the  CE  and  CB  stages  for  TSC- 
HBT)  throughout  this  paper.  Additional  information 
was  provided  for  larger  devices  to  confirm  that  the  su¬ 
perior  microwave  performance  of  TSC-HBT  can  be 
extended  to  higher  power  levels. 


3.  Experimental  results  and  discussion 

3.1.  DC  characteristics 

The  room  temperature  Ic-  Vce  characteristic  of  con¬ 
ventional  and  cascode  HBTs  under  constant  7b  bias 
condition  are  shown  in  Fig.  2.  A  negative  slope  of  the 
collector  current  in  the  forward  7C  Vce  characteristics 


of  conventional  devices  indicates  the  strong  influence 
of  junction  temperature  on  current  gain.  The  reverse 
hole-current  injection  increase  with  the  junction  tem¬ 
perature  is  the  main  reason  causing  a  reduced  gain 
under  constant  Ib  bias  [5].  A  similar  effect  was  not 
observed  in  TSC-HBTs  because  the  rise  in  temperature 
is  confined  mostly  to  the  CB  cell,  whose  current  is  con¬ 
trolled  by  the  CE  cell  located  at  a  cooler  temperature 
zone.  As  can  be  seen,  the  collector  current  of  the  con¬ 
ventional  HBT  dropped  by  about  15  mA  at  7b  =  2.4 
mA,  Kce  =  5  V  due  to  the  thermal  effect.  On  the  other 
hand,  the  TSC-HBT  suffered  considerably  less  from 
the  thermal  effects;  Ic  dropped  by  about  6  mA  at 
7b  =  2.4  mA,  even  when  the  collector  voltage  was 
increased  to  10  V. 

A  large-signal  microwave  device  model  including 
self-heating  effects  was  employed  to  investigate  the 
thermal  characteristics  of  both  devices.  A  temperature 
controlled  current  source  was  employed  to  model  the 
increase  in  the  reverse  hole  injection  from  the  base  to 
emitter,  while  a  temperature  controlled  voltage  source 
was  used  to  describe  the  decrease  in  the  emitter  junc¬ 
tion  built-in  potential.  In  addition,  a  thermal  subcircuit 
including  a  current  source  and  a  thermal  resistance 
were  used  to  obtain  a  self-consistent  thermal  HBT 
model.  In  the  sub-circuit,  the  current  source  describes 
the  device  power  consumption  and  the  voltage  drop  in 
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Fig.  4.  Gmax  and  |/i2i|2  for  conventional  and  cascode  HBTs.  7b  =  2.4  mA,  7C  =  65.06  mA,  Kcc  =  4  V  for  conventional  HBTs;  4  =  2.1 
mA,  Fb2  =  2.5  V,  7C  =  57.44  mA,  Vcc  =  l  V  for  cascode  HBTs. 


the  thermal  resistance  presents  the  junction  tempera¬ 
ture  increase.  The  parameters  for  this  physical-based 
model  were  extracted  from  the  Gummel-plot,  Ic-  Vce 
characteristics  under  both  constant  7b  and  Kbe  con¬ 
ditions  and  from  the  small-signal  S-parameters  [7].  A 
large-signal  model  was  developed  first  for  conventional 
devices  and  then  applied  to  the  cascode  configuration. 
Good  agreement  was  obtained  between  measured  and 
simulated  results. 

Based  on  the  developed  large-signal  models,  the 
base-emitter  junction  temperature  increase  of  conven¬ 
tional  HBTs  and  cascode  CE,  CB  stages  were  extracted 
from  the  output  of  the  thermal  sub-circuit  and  the 
results  are  shown  in  Fig.  3.  The  TSC-HBT  CE  stage 
junction  temperature  was  found  to  increase  by  ~20°C 
at  Vce=10  V,  while  the  temperature  increase  was 
~60°C  for  the  conventional  HBT  at  Vce~5  V.  As  can 
be  seen,  the  junction  temperature  of  the  cascode  CB- 
stage  was  somewhat  higher  than  that  of  the  CE-stage 
at  all  power  dissipation  levels.  This  is  due  to  the  fact 
that  the  main  voltage  drop  occurs  across  the  CB  stage, 
which  therefore,  consumes  the  largest  amount  of 
power. 

Since  most  of  the  collector  voltage  dropped  on  the 
CB  stage  and  the  CE  and  CB  stages  were  thermally 
isolated,  the  current  control  stage  could  be  kept  at 
lower  temperature  in  the  cascode  HBTs  even  under 
high  power  consumption  conditions.  These  results 
highlight  the  advantages  of  the  TSC-HBT  design  to 


suppress  electrothermal  effects  by  maintaining  a  lower 
junction  temperature  increase  at  the  CE  stage. 

3.2.  Microwave  small-signal  characteristics 

The  small-signal  S-parameters  of  the  conventional 
and  TSC-HBT  devices  were  measured  using  an  auto¬ 
mated  network  analyzer  (HP8510C)  in  the  frequency 
range  of  0.5-25.5  GHz.  The  MSG  (maximum  stable 
gain),  MAG  (maximum  available  gain)  and  |  h2 1|2  ver¬ 
sus  frequency  characteristics  are  shown  in  Fig.  4  for 
both  the  conventional  and  the  TSC-HBT.  The  bias 
conditions  corresponding  to  the  highest  /max  were 
4  =  2.4  mA,  /c  =  65.06  mA,  KCe  =  4  V  for  conventional 
HBTs  and  4  =  2.1  mA,  Kb2  =  2.5  V  (base  voltage  for 
CB-stage),  4  =  57.44  mA,  Kce  =  7  V  for  cascode  device. 
The  maximum  stable  gain  for  TSC-HBT  devices  is  ~13 
dB  higher  than  for  conventional  HBTs  at  lower  fre¬ 
quencies.  Above  10  GHz,  Gmax  dropped  at  different 
slopes  (-20  dB/dec  and  -40  dB/dec  for  CE  and  TSC- 
HBT,  respectively).  Obviously,  the  common-base  stage 
provided  extra  gain  to  the  cascode  configuration,  but 
caused  a  sharper  decrease  in  gain-frequency  character¬ 
istics.  The  extrapolated  results  suggest  a  similar  /max 
value  of  ~92  GHz  for  both  devices.  On  the  other 
hand,  \h2i\2  is  higher  for  TSC-HBTs  in  the  measured 
frequency  range  (0.5-25.5  GHz)  leading  to  higher  f. 
The  higher  value  of  ft  for  cascode  devices  is  due  to 
lower  bias  voltage  applied  to  the  CE  stage  compared 
to  the  bias  applied  to  the  conventional  HBT. 
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Pin  (dBm) 


Pin  (dBm) 


Fig.  5.  Load-pull  measurement  of  conventional  and  cascode 
HBTs  (a)  Gain,  Pout  and  PAE  for  conventional  HBTs  (b) 
Gain,  Pout  and  PAE  for  cascode  HBTs. 


3.3.  Large-signal  power  performance 

On-wafer  power  characterization  was  performed  at  8 
GHz  using  a  load-pull  measurement  system  with  elec¬ 
tromechanical  tuners,  which  provide  the  ability  to  con¬ 
trol  the  input  and  output  impedances.  The  power 
performance  such  as  gain,  power-added  efficiency  and 
output  power  were  evaluated.  In  addition,  load-pull 
contour  measurements  were  performed  to  provide  a 
clearer  picture  of  the  device  power  characteristics.  The 
devices  were  biased  under  the  same  conditions  as 
above.  The  input  and  output  impedances  were  opti¬ 
mized  for  maximum  gain  at  Pin  =  0  dBm.  The  corre¬ 
sponding  source  (Ps)  and  load  (T  L)  reflection 
coefficients  were  Ts  =  0.793/— 173.3°  and 
PL  =  0.254/105.6°  for  the  conventional  HBTs; 
PS  =  0.793Z— 173.3°  and  rL  =  0.539/77.7°  for  the  cas¬ 
code  HBTs.  Fig.  5  shows  the  measured  gain,  PAE  and 
Pout  for  both  devices.  The  results  indicate  that  under 
this  input  power  level,  the  optimized  gain  was  18.47 
and  25.40  dB  for  conventional  and  TSC-HBT  devices 
respectively.  The  higher  gain  of  the  cascode  HBT, 


(a) 


Fig.  6.  1-dB  gain  compressed  on- wafer  load  pull  measurement 
of  (a)  conventional  HBTs:  maximum  gain=18.5  dB  and 
Pom=18.2  dBm;  (b)  cascode  HBTs:  maximum  gain  =  32.9  dB 
and  Pout  =  21.2  dBm. 

compared  to  the  conventional  device,  appears  to  be 
due  to  the  common-base  stage  providing  additional 
power  gain.  The  corresponding  Pout  was  18.11  and 
22.98  dBm;  PAE  was  25.4%,  53.4%  for  each  device. 
Compared  with  the  PAE  of  conventional  HBTs  at  the 
low  input-power  level,  the  cascode  HBTs  have  much 
higher  PAE  due  to  the  contribution  of  the  CB-stage.  It 
is  important  to  note  that  TSC-HBT  was  able  to  main¬ 
tain  PAE  values  greater  than  50%  for  a  wide  range  of 
Pin  values  (-1  to  12  dBm).  The  peak  efficiency  of  60% 
was  maintained  across  a  wide  power  range  also 
(5  <  Pin  <  12  dBm). 
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Fig.  7.  Font  and  PAE  contours  for  cascode  HBTs  under  large- 
signal  conditions.  Maximum  Pout  =  23.4  dBm  at 
rL  =  0.43 Z8 1.7°;  maximum  PAE  =  60%  at  rL  =  0.52/74.9°. 

The  power  handling  capability  was  investigated  by 
measuring  the  1  dB-gain  compression  characteristics  of 
each  device  type.  The  measured  power  and  gain 
characteristics  are  shown  in  Fig.  6  for  the  conventional 
and  TSC-HBTs.  As  can  be  seen,  the  maximum  com¬ 
pressed  gain  is  18.5  dB  for  conventional  HBTs  at 
rL  =  0.34/70.2°,  maximum  FolIt=18.2  dBm  at 


rL  =  0.34/94.4°.  On  the  other  hand,  the  cascode  device 
can  reach  a  gain  of  32.9  dB  at  rL  =  0.79Z-129.2°  while 
producing  Pout  =  21.2  dBm  at  rL  =  0.79Z- 129.2°. 

Fig.  7  shows  the  load-pull  contour  measurement 
results  of  the  cascode  device  under  high  input-power 
level  conditions.  The  load  mismatch  corresponded  in 
this  case  to  reflection  coefficient  of  0.9  and  is  therefore 
very  close  to  the  edge  of  the  Smith  Chart 
(VSWR  =  19).  The  input  power  level  was  ~5  dBm  and 
the  device  showed  ~14  dB  gain  compression.  It  should 
be  noted  that  the  device  could  still  operate  with  a 
maximum  60%  of  PAE  under  this  highly  gain-com¬ 
pressed  condition.  The  purpose  of  stressing  the  devices 
with  a  high  input  power  was  to  observe  their  stability 
under  such  conditions.  As  this  figure  shows,  the  con¬ 
tours  for  constant  Pout  and  PAE  are  no  longer  uniform 
circles  as  under  small-signal  conditions.  In  addition, 
the  optimum  loads  for  maximum  Pout,  PAE  and  gain 
shifted  toward  the  center  of  the  Smith  Chart  compared 
to  the  positions  observed  under  small-signal  con¬ 
ditions.  The  distorted  contour  circles  and  Zopt  shift 
could  be  due  to  self-biasing,  as  well  as,  the  presence  of 
a  very  large  collector  voltage  sweeping  under  large-sig¬ 
nal  conditions.  In  other  words,  the  bias  dependent  el¬ 
ements  such  as  Cbe  (/c,  Fbe),  Cbc  (/c,  Vbc)  appear  to 
change  with  the  input-power  level.  The  cascode  device 
was  found  to  maintain  its  thermal  stability  even  under 
these  high  gain  compression  and  load-mismatched  con¬ 
ditions.  On  the  other  hand,  the  conventional  device 


Fig.  8.  SEM  picture  of  a  microwave  high  power  TSC-HBT  cell  with  24  emitter  fingers. 
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Fig.  9.  Power  performance  of  24-finger  TSC-HBT  at  11  GHz  with  Vcc—  11  V  and  Fb2-2.5  V. 


was  found  to  be  thermally  unstable  under  such  strenu¬ 
ous  gain  compression  conditions. 

To  identify  the  influence  of  the  cascode  CB-stage, 
load-pull  measurements  were  performed  on  this  stage 
alone.  The  results  showed  a  relatively  small  variation 
of  gain  and  Poul  for  different  loads  selected  on  the 
Smith  Chart.  This  suggests  that  the  power  character¬ 
istics  of  the  CB-stage  are  less  sensitive  to  the  matching 
condition  provided  by  the  output  load.  The  load-pull 
measurement  results  led  to  the  conclusion  that  the  CB- 
stage  of  the  cascode  configuration  improved  thermal 
stability  and  relaxed  the  load-matching  requirement  of 
the  device.  Thus,  we  found  that  the  TSC-HBT  devices 
perform  considerably  better  as  microwave  power 
amplifiers  than  conventional  devices. 

3.4.  High  power  performance 

We  have  employed  relatively  small  size  devices  (4- 
fingers)  to  make  a  comparison  between  the  convention¬ 
al  and  TSC-HBT  cells.  The  superior  electrothermal 
properties  demonstrated  with  small  cells  can  only  be 
useful  in  practice  if  such  properties  can  be  extended  to 
higher  power  levels.  At  X-band  frequencies,  for 
example,  typical  HBT  cells  are  expected  to  produce 
over  0.5  W  and  preferably  over  1.0  W  output  power 
levels.  To  demonstrate  that  the  TSC-HBT  performance 
can  be  maintained  as  the  devices  are  scaled  up  for 
higher  power,  we  have  fabricated  a  cell  with  24  emitter 
fingers  (in  each  of  CE  and  CB  stages)  as  shown  in  Fig. 
8.  A  staggered  layout  approach  was  used  in  the  design 


of  this  cell  to  minimize  the  thermal  interaction  between 
adjacent  emitter  fingers.  The  distance  between  CE  and 
CB  stages  was  kept  constant  at  100  pm,  which  means 
that  identical  staggering  of  fingers  was  used  for  both 
stages.  Multiple  bypass  capacitors  were  used,  as 
shown,  to  maintain  uniform  base  grounding  for  the 
CB  stage.  The  total  width  of  the  cell  was  only 
300  pm. 

The  power  performance  of  the  high  power  cell  is 
shown  in  Fig.  9.  At  11  GHz,  with  Kce=ll  V  and 
Fb2~2.5  V,  the  cell  produced  over  1.75  W  CW  output 
power  with  17  dB  gain  and  55%  PAE.  This  result, 
which  is  the  highest  reported  for  a  HBT  cell  at  this  fre¬ 
quency  with  such  high  gain  and  efficiency,  underscores 
the  power  capability  of  TSC-HBTs  at  microwave  fre¬ 
quencies. 


4.  Conclusion 

We  have  compared  the  DC,  small-signal  and  large- 
signal  power  characteristics  of  conventional  and  TSC- 
HBTs  and  found  that  TSC-HBTs  provide  a  higher 
power  handling  capability  than  conventional  HBTs. 
The  CB-stage  in  the  TSC-HBTs  not  only  leads  to 
smaller  temperature  increase  but  also  acts  as  an  ad¬ 
ditional  power  amplification  stage.  The  net  result  is 
that  TSC-HBTs  are  eminently  more  suitable  for  high 
frequency  power  applications  than  conventional  CE 
HBTs. 
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Abstract 

An  InGaP  emitter  HBT  IC  process  developed  for  RF  and  microwave  instrumentation  is  described.  The  process  is 
based  on  MOCVD  epitaxial  material,  1  pm  critical  dimension  (CD),  G-line,  stepper  aligned  lithography  and  SiCl4 
based  reactive  ion  etching.  Ft  and  Fmax  values  of  65  and  75  GHz,  respectively  are  achieved.  The  HBT  technology  is 
well  suited  for  instrument  applications  in  that  it  can  simultaneously  achieve  both  excellent  reliability  and  high 
performance  in  terms  of  broad  bandwidth,  low  phase  noise,  high  gain  and  linearity.  Circuits  designed  in  the  process 
include  a  Darlington  feedback  amplifier,  which  achieves  9.8  dB  gain  from  dc  to  20  GHz  and  dc  to  16  GHz  dividers. 
The  circuits  have  been  utilized  in  numerous  instrument  applications  and  have  resulted  in  improvements  in  dynamic 
range,  bandwidth  and  time-domain  jitter.  Extensive  reliability  testing  of  the  InGaP  emitter  process  indicates  that 
MTTF  values  at  7j  =  150°C  and  Jc  =  6  x  104  A/cm2  are  greater  than  4  x  105  h  and  are  an  order  of  magnitude  larger 
than  MTTF  values  for  AlGaAs  emitter  devices.  ©  1999  Published  by  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Heterojunction  bipolar  transistors  have  emerged  as  a 
competitive  technology  for  wireless  and  communi¬ 
cation  markets.  High  efficiency  and  high  power  ampli¬ 
fiers  have  been  successfully  utilized  for  output 
amplifiers  in  cellular  phones  [1,2].  Mixed  signal  HBT 
technology  has  been  used  to  implement  10  Gbit/s  fiber 
optic  systems  [3].  Another  potential  application  for 
HBT  technology  is  in  RF  and  microwave  instrumenta¬ 
tion.  The  instrumentation  market  tends  to  be  a 
demanding  application  because  of  the  simultaneous 
needs  for  broad  bandwidth,  high  performance  and 
excellent  reliability.  In  order  to  cover  multiple  appli¬ 
cations  with  the  same  instrument,  bandwidths  can 
often  range  from  100  kHz  to  26.5  GHz.  High  perform- 
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ance  is  required  since  the  test  equipment  must  have  su¬ 
perior  performance  to  the  device  under  test.  The  useful 
life  of  an  instrument  often  exceeds  20  years,  therefore 
requiring  excellent  component  reliability. 

It  is  well  established  that  HBT  frequency  perform¬ 
ance  is  optimized  at  relatively  high  current  densities 
[4],  However,  the  primary  reliability  failure  mode  in 
HBTs,  ft  degradation,  is  believed  to  be  accelerated  by 
increasing  current  density  [5].  The  challenge  for  HBTs 
in  microwave  instrument  applications  is  to  simul¬ 
taneously  achieve  high  values  of  Ft  and  Fmax  at  rela¬ 
tively  high  current  density  while  maintaining  reliability. 

HBTs  offer  an  attractive  complement  to  the  existing 
0.25  pm  PHEMT  technology  for  microwave  instru¬ 
ments.  The  higher  power  and  gain  density  provided  by 
HBTs  leads  to  significantly  smaller  chip  sizes  and  po¬ 
tentially  lower  cost  per  function.  For  example  a  trans¬ 
conductance  of  100  mS  can  be  achieved  with  a  3  x  3 
pm2  HBT  operating  at  5  mA.  A  250  pm  wide  PHEMT 
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Fig.  1.  Schematic  cross-section  of  a  completed  InGaP  emitter 
HBT. 


operating  at  100  mA  is  required  to  achieve  the  same 
transconductance.  The  high  HBT  intrinsic  voltage 
gain,  2000  versus  20  for  the  PHEMT,  allows  extensive 
use  of  feedback  to  minimize  circuit  performance  vari¬ 
ations  over  process  distributions.  HBTs  achieve  com¬ 
parable  Ft  (~65  GHz)  to  0.25  pm  PHEMTs  with  much 
larger  (~1  pm)  critical  dimensions  (CDs).  Furthermore 
HBT  performance  variations  are  dominated  by  vari¬ 
ations  in  epitaxial  growth  rather  than  sub-micron 
dimensions  and  are  inherently  more  uniform  and  better 
controlled,  enabling  higher  levels  of  integration  and 
more  functionality  on  a  chip.  In  addition,  the  inher¬ 
ently  lower  1  If  noise  corner  frequency,  20  kHz  com¬ 
pared  to  100  MHz  for  a  PHEMT  or  MESFET,  is  a 
major  advantage  for  low  phase  noise  oscillators  and 
dividers.  In  general,  HBT  integrated  circuits  are  well 
positioned  to  meet  the  key  instrumentation  require¬ 
ments  of  high  linearity,  broadband  gain,  low  phase 
noise,  moderate  levels  of  integration  and  a  high  degree 
of  reliability. 

This  paper  describes  an  InGaP  emitter,  HBT  tech¬ 
nology  that  has  been  developed  to  meet  these  require¬ 
ments  and  address  the  instrumentation  market.  Section 
2  describes  the  HBT  process  and  epitaxial  structure. 
Vehicle  circuits  and  several  instrument  applications  are 
explained  in  Section  3.  Reliability  characterization  of 
the  InGaP  process  is  presented  in  Section  4  and  com¬ 
pared  to  similar  reliability  tests  on  AlGaAs  processes. 
Conclusions  are  presented  in  Section  5. 


2.  InGaP  emitter  HBT  process 

The  HBT  process  is  based  on  MOCVD  epitaxial 
wafers  and  G-line,  stepper  aligned  lithography.  A  sche¬ 
matic  cross-section  of  the  device  is  shown  in  Fig.  1. 
The  epitaxial  material  is  manufactured  by  Kopin 
Corp.  [6]  and  features  a  4000  A  collector  drift  region, 


Table  1 

Key  HBT  parameters  for  a  2x2  pm2  emitter  device  with 
Fcc=1.5  V  and  Jc~ 6  x  104  A/mm2.  Measurements  on  HBTs 
from  38  wafers  are  included  in  the  statistics 


Mean 

Total  standard  deviation  (%) 

Ft(GHz) 

65 

7 

F max  (GHZ) 

75 

5 

£ 

132 

20 

Rb(O) 

73 

14 

Re(H) 

16 

19 

Rc  (Q) 

8.8 

7 

Cbc  (fF) 

12.6 

5 

BVcco  (V) 

8.3 

3 

an  800  A  carbon  doped  GaAs  base,  an  InGaP  emitter 
and  a  highly  doped  InGaAs  contact  layer.  The  process 
utilizes  G-line  stepper  lithography  that  readily  defines 
the  minimum  geometries,  2x2  pm2  emitters  and  1  x  1 
pm2  vias.  SiCl4  based  RIE  is  used  to  define  the  emitter 
mesa,  emitter  ledge/base  contact,  and  the  base-collec¬ 
tor  mesa.  Non-alloyed,  TiPtAu  contacts  are  used  for 
the  emitter  and  base  while  an  alloyed  Au/Ge/Ni  con¬ 
tact  is  used  for  the  collector.  Helium  implantation  iso¬ 
lates  passive  and  active  devices.  Device  passivation  is 
realized  with  PECVD  Si3N4.  Planarization  and  an 
intermetal  dielectric  layer  are  achieved  with  a  1  pm 
thick  layer  of  Dupont’s  PI2555  polyimide. 

The  HBT  transistors  are  integrated  with  a  standard 
MMIC  passive  component  platform  which  includes  22 
D  per  square  Ta2N  thin  film  resistors,  MIM  capacitors 
with  1500  A  PECVD  Si3N4,  2  pm  thick  TiPtAu  inter¬ 
connect  metal  and  dry  etched  backside  vias  in  100  pm 
thick  substrates.  Because  of  the  demanding  perform¬ 
ance  requirements  of  the  instrumentation  applications 
the  HBTs  are  operated  at  a  relatively  high  current  den¬ 
sity  of  6  x  104  A/cm2.  Nominal  values  of  key  process 
monitors  include:  Ft  =  6 5  GHz,  Fmax(MAG)  =  75  GHz, 
£=132,  Re=16Q  and  BVceo  =  8.3  V,  see  Table  1. 

Relatively  large  critical  dimensions,  extensive  use  of 
dry  etching  and  excellent  control  of  both  the  epitaxial 
growth  and  wafer  fabrication  technology  all  contribute 
to  maintaining  tight  parameter  control  and  high  yields. 
Total  standard  deviations  of  key  parameters  are  less 
than  10%  except  for  £,  Rb  and  Re,  which  are  less  than 
or  equal  to  20%,  see  Table  1.  The  variations  in  £  and 
Rb  are  partially  caused  by  intentional  base  doping  vari¬ 
ations  which  will  be  eliminated.  The  variation  in  Re  is 
expected  to  decrease  significantly  by  replacing  a  wet 
etch  of  the  emitter  contact  layer  with  dry  etching.  As  a 
result  of  the  tight  parameter  distributions  and  rela¬ 
tively  large  critical  dimensions  high  circuit  yields  have 
been  observed.  For  example  a  1300  transistor  inverter 
chain  IC  used  for  process  monitoring  typically  yields 
greater  then  70%. 
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Fig.  2.  dc  to  20  GHz  Darlington  feedback  amplifier:  (a)  chip 
photomicrograph  and  (b)  S2i  and  Si2  versus  frequency. 


3.  HBT  circuits  and  instrument  applications 

Several  integrated  circuits  have  been  developed  to 
address  the  instrumentation  market.  A  typical  example 
is  a  broadband  Darlington  feedback  amplifier  that  pro¬ 
vides  9.8  dB  gain  from  dc  to  20  GHz.  This  product  is 
designed  as  a  cascadable  gain  block  which  uses  feed¬ 
back  to  minimize  sensitivity  to  process  variations.  It 
features  50  Q  input  and  output  matches,  a  0.41  x  0.46 
mm2  chip  size  and  177  mW  dc  power  dissipation.  A 
chip  photomicrograph  and  a  typical  S2\  versus  fre¬ 
quency  characteristic  are  diagrammed  in  Fig.  2.  This 
amplifier  has  been  used  as  a  broadband  pre-amp  for 
receiver  applications  to  20  GHz,  a  driver  amplifier  for 
RF  output  stages  and  an  LO  driver  amp.  An  example 


of  a  pre-amp  application  is  a  12.4  GHz  frequency 
counter,  the  HP53131A. 

A  customized  version  of  this  amplifier  was  developed 
for  the  specific  purpose  of  providing  improved  reverse 
isolation.  Higher  levels  of  isolation  are  achieved  by 
adding  a  common  base  gain  stage  to  the  front-end  of 
the  amplifier.  The  resulting  isolation  amp  has  been  uti¬ 
lized  in  a  microwave  network  analyzer,  HP8753E,  to 
improve  its  performance  when  characterizing  high 
rejection  filters.  Without  the  presence  of  the  isolation 
amplifier  spurious  IF  mixing  products  can  produce 
undesirable  side-bands  which  appear  as  spikes  in  the 
stop  band  of  the  filter  response.  The  HBT  isolation 
amp  provides  55  dB  of  reverse  isolation  enabling  accu¬ 
rate  characterization  of  filters  with  rejection  bands  up 
to  110  dB,  as  compared  to  only  85  dB  without  it  (Fig. 

3). 

A  second  product  family  is  comprised  of  a  series  of 
high  performance  frequency  dividers.  The  family  con¬ 
sists  of  dc  to  16  GHz  divide-by-2,  4  and  8  pre-scalers. 
On-chip  pre-  and  postamplifiers  have  been  incorpor¬ 
ated  in  the  design  to  improve  input  sensitivity  and  out¬ 
put  signal  swing.  The  divide  by  8  chip 
photomicrograph  and  input  sensitivity  window  are 
shown  in  Fig.  4.  The  chip  operates  over  most  of  the 
frequency  range  with  input  powers  between  —20  and 
+  20  dBm.  The  input  sensitivity  decreases  to  —15  to 
+  7  dBm  at  16  GHz.  Low  phase  noise,  —153  dBc/Hz 
at  100  kHz  offset,  is  also  achieved.  The  chip  size  is 
1.33  x  0.44  mm2. 

The  dividers  have  been  designed  into  a  wide  variety 
of  applications  including  phase  locked  loops,  trigger 
circuits  and  frequency  converters  where  bandwidth, 
phase  noise  and  dynamic  range  are  critical.  For 
example  the  divide  by  2  is  used  in  a  high  performance 
spectrum  analyzer,  the  HP8563-K35.  The  K35  option, 
which  is  enabled  by  the  HBT  divider,  improves  the 
dynamic  range  of  the  spectrum  analyzer  from  roughly 
65  to  75  dB  for  adjacent  channel  power  rejection 
(ACPR)  measurements  in  wideband  CDMA  systems. 
Other  examples  include  the  HP53131A  12.4  GHz  coun¬ 
ter  and  the  HP83480  option  100  communications  ana¬ 
lyzer.  In  the  latter  case,  the  high  performance  HBT 
divider  extends  the  frequency  range  of  the  scope  trigger 
from  2  to  12  GHz.  The  time  domain  jitter  of  the  trig¬ 
ger  is  limited  to  0.7  ps  rms  over  most  of  the  band,  Fig. 
5,  as  a  result  of  the  excellent  phase  noise  performance 
of  the  HBT  divider. 


4.  Reliability  characterization 

Maintaining  a  high  level  of  reliability,  even  while 
operating  at  relatively  high  current  densities,  is  essen¬ 
tial  for  components  addressing  the  instrumentation 
market.  The  original  HBT  process  was  based  on  an 
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8753E  without  HBT  isolation  amplifier 
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isolation  amplifier 
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Fig.  3.  (a)  HP8753E  network  analyzer  and  (b)  high  dynamic  range  filter  response  with  and  without  the  HBT  isolation  amplifier. 
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Fig.  4.  dc  to  16  GHz  frequency  divider:  (a)  chip  photomicrograph  and  (b)  input  sensitivity  curve. 


AlGaAs  emitter  process.  While  performance  and  man¬ 
ufacturability  of  the  AlGaAs  process  was  comparable 
to  the  InGaP  process  the  reliability  was  found  to  be 
unacceptable  for  instrument  applications.  To  charac¬ 
terize  the  reliability  of  the  HBT  processes,  several  hun¬ 
dred  Darlington  amplifiers  and  high  speed  dividers 
were  subjected  to  high  temperature  operating  life 
(HTOL)  stress  tests.  In  all  cases,  collector  currents 
were  held  at  the  maximum  use  condition  of 
Jc  =  6  x  104  A/cm2.  Peak  junction  temperatures  were 
varied  between  230  and  363°C.  Failures  were  defined 
as  a  1  dB  change  in  S2i  for  the  amplifiers  and  a  1  dB 
decrease  in  output  power  for  the  dividers.  The  domi¬ 
nant  failure  mode  for  both  the  AlGaAs  and  InGaP 
processes  was  p  degradation  as  illustrated  in  the 
Gummel  plot  in  Fig.  6.  Since  the  p  degradation  was 
abrupt  in  time  and  relatively  large  in  magnitude 
MTTF  values  are  fairly  insensitive  to  the  precise  fail¬ 
ure  criteria.  A  total  of  5  x  107  device  hours  under 
stress  were  accumulated  during  the  reliability  tests. 

The  AlGaAs  process  resulted  in  unexpectedly  low 
values  of  median  time  to  failure  (MTTF).  The  MTTF 
values  extrapolated  to  the  maximum  operating  con¬ 


ditions  of  7j=150°C  and  Jc  =  6  x  104  A/cm2  ranged 
between  3  x  103  and  8  x  104  h  with  an  average  acti¬ 
vation  energy,  Ea,  of  0.57  eV.  To  benchmark  the 
AlGaAs  process  and  to  establish  an  existence  proof  of 
acceptable  AlGaAs  HBT  reliability,  AlGaAs  broad¬ 
band  amplifiers  and  dividers  were  purchased  from 
other  commercial  suppliers  and  tested  on  HTOL.  The 


Frequency  (GHz) 


Fig.  5.  Trigger  jitter  versus  trigger  frequency  for  an  HP83480 
option  100  communications  analyzer 
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Fig.  6.  A  representative  room  temperature  Gummel  plot  for  a 
3x3  pm2  InGaP  emitter  HBT  before  and  after  stress  at 
Jc  =  6x  104  A/cm2  and  7j  =  333°C  showing  stable  7C  and  a 
large  increase  in  /b  after  stress  which  results  in  a  significant 
decrease  in  /?. 

commercial  products  were  stressed  at  elevated  tempera¬ 
tures  and  biased  at  their  standard  operating  con¬ 
ditions.  MTTFs  and  activation  energies  for  the 
commercial  AlGaAs  HBTs  were  comparable  to  the  HP 
process  with  the  amplifier  tests  resulting  in  £a  =  0.5  eY 


and  MTTF  =  3.5  x  104  h  and  the  divider  tests  resulting 
in  £'a  =  0.65  eV  and  MTTF  =  2.5  x  104  h.  Arrenhius 
plots  of  both  the  HP  and  commercially  available 
AlGaAs  ICs  are  compared  in  Fig.  7. 

Similar  reliability  testing  on  the  InGaP  emitter  pro¬ 
cess  resulted  in  dramatically  higher  values  of  MTTF. 
Based  on  5  x  106  circuit-hours  of  HTOL  testing,  typi¬ 
cal  values  of  MTTF  (7j=150°C,  Jc  =  6  x  104  A/cm2) 
are  4  x  105  h  with  activation  energies,  Ea,  between 
0.50  and  1.0  eV  and  sigmas  of  0.5.  The  relatively  large 
values  of  MTTF  and  the  small  value  of  sigma  insure 
that  failure  rates  will  be  acceptably  low.  The  projected 
fraction  of  the  population  failing  in  10  years  is  0.1  %. 
The  reliability  results  for  4  InGaP  wafers  (approxi¬ 
mately  200  ICs)  are  plotted  in  Fig.  8.  There  are  six  ad¬ 
ditional  wafers  (300  ICs)  which  have  not  reached 
MTTF  at  7j  =  363°C  after  3000  h  of  stress.  HTOL 
tests  are  continuing  on  these  wafers. 

In  contrast  to  previous  investigations  [7,8]  these 
results  indicate  that  activation  energies  can  be  similar 
for  both  AlGaAs  and  InGaP  emitter  materials.  The 
previously  reported  InGaP  results  (Ea  =  2.0  eV  in  Ref. 
[7]  and  1.53  eV  in  Ref.  [8])  are  plotted  together  with 
the  results  from  the  present  work  in  Fig.  9.  Note  that 
at  high  stress  temperatures  MTTF  values  for  the  pub¬ 
lished  results  all  lie  below  the  0.6  eV  line,  representing 


Tj(°C) 

394  298  227  171  150  127 


Fig.  7.  MTTF  versus  1/7]  for  HP  and  commercially  available  AlGaAs  emitter  amplifiers  and  dividers.  The  HP  circuits  were  stressed 
at  Jc  =  6  x  10  A/cm  .  The  commercial  circuits  were  stressed  at  the  standard  bias  conditions. 


LOG(MTTF)  (hrs) 


Fig.  9.  MTTF  versus  1/7]  for  a  representative  HP  InGaP  emitter  wafer  and  data  published  in  Refs.  [7,8] 


1444 


T.  Low  et  al.  j  Solid-State  Electronics  43  (1999)  1437-1444 


the  average  InGaP  activation  energy  measured  in  the 
present  work.  This  may  imply  that  a  low  activation 
energy  mechanism  is  present  in  the  InGaP  HBTs  in 
Refs.  [7,8]  but  is  masked  at  the  high  stress  tempera¬ 
tures  by  an  additional  higher  activation  energy  mech¬ 
anism  that  does  not  appear  to  be  present  in  the  HP 
InGaP  devices.  Reliability  test  times  greater  than  104  h 
at  temperatures  below  230°C  would  be  required  to  ver¬ 
ify  the  absence  of  the  low  Ea  mechanism  found  in  both 
the  InGaP  and  AlGaAs  HBTs  investigated  in  this 
work. 

The  similar  activation  energies  reported  here  for 
both  the  AlGaAs  and  InGaP  processes  suggest  that 
the  same  failure  mechanism  dominates  in  both  cases. 
As  has  been  reported  in  the  literature  [7,9]  the  failure 
mode  is  consistent  with  a  rapid  increase  in  emitter-base 
recombination  current  potentially  initiated  by  recombi¬ 
nation  enhanced  defect  formation.  Two-dimensional, 
physical  simulations  predict  that  the  recombination 
rate  in  the  InGaP  emitter  device  should  be  1000  times 
smaller  than  in  the  AlGaAs  emitter  device.  The  dra¬ 
matic  reduction  is  primarily  due  to  the  larger  hole  bar¬ 
rier  in  the  InGaP/GaAs  heterojunction  compared  to 
the  AlGaAs/GaAs  heterojunction,  0.43  versus  0.25  eV. 
The  smaller  recombination  current  in  the  InGaP  emit¬ 
ter  devices  offers  a  possible  explanation  for  the  su¬ 
perior  reliability  of  InGaP  HBTs.  If  Ea  is  interpreted 
as  the  formation  energy  for  some  recombination  cen¬ 
ter,  then  the  similar  Ea  values  for  InGaP  and  AlGaAs 
HBTs  suggests  that  /?  degradation  in  both  device  types 
may  be  caused  by  formation  of  the  same  recombina¬ 
tion  center  in  the  p  +  base  region,  which  is  common  to 
both  devices. 


5.  Conclusion 

A  high  performance  InGaP  emitter  HBT  process  has 
been  developed  for  use  in  RF  and  microwave  instru¬ 
ments.  The  InGaP  HBT  is  well  suited  for  instrument 
applications  in  that  it  can  simultaneously  achieve  high 
performance  and  excellent  reliability.  The  process  is 
based  on  MOCVD  epitaxial  material,  G-line,  stepper 


aligned  lithography  and  SiCl4  based  reactive  ion  etch¬ 
ing.  The  HBT  achieves  comparable  frequency  perform¬ 
ance  to  0.25  pm  PHEMTs  with  CDs  on  the  order  of  1 
pm.  Ft  and  Fmax  values  are  65  and  75  GHz  respect¬ 
ively.  Compared  to  PHEMTs,  HBTs  offer  higher 
intrinsic  gain,  lower  1//  noise,  improved  process  con¬ 
trol  and  higher  levels  of  integration.  Circuit  vehicles 
such  as  dc  to  20  GHz  broadband  amplifiers  and  dc  to 
16  GHz  frequency  dividers  have  been  designed  into  nu¬ 
merous  instrument  applications.  The  HBT  ICs  have 
resulted  in  improved  instrument  performance  such  as 
extended  bandwidth,  improved  dynamic  range  and 
minimized  time  domain  jitter. 

An  order  of  magnitude  improvement  in  MTTF  has 
been  achieved  by  replacing  the  AlGaAs  emitter  with 
InGaP.  MTTF  values  exceed  4  x  105  h  for  the  InGaP 
process.  Activation  energies  for  both  InGaP  and 
AlGaAs  devices  are  comparable  suggesting  that  a  simi¬ 
lar  failure  mechanism  is  present  in  both  types  of 
devices. 
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Abstract 

The  passivation  of  the  exposed  semiconductor  surfaces  in  a  device  is  necessary  to  ensure  good  device 
performance.  In  this  study  we  examine  how  different  surface  treatments  and  geometric  device  designs  can  be  used  to 
improve  the  dc  performance  of  InP-based  heterostructure  bipolar  transistors.  We  show  how  sulphur  and  UV-ozone 
treatment  improves  the  performance  of  large-area  devices  and  illustrate  the  effects  of  the  treatment  through  XPS 
measurements  on  the  semiconductor  surfaces.  We  also  demonstrate  that  a  combination  of  UV-ozone +  HF  can  lead 
to  improved  performance  of  small,  high-frequency  devices.  This  approach  is  contrasted  with  results  using  a  layer 
structure  with  a  thin  emitter,  where  the  emitter  is  left  on  the  device  to  self-passivate  the  base  surface.  In  this  case  the 
thin  emitter  layer  on  the  base  is  depleted  and  no  passivation  treatment  is  needed.  ©  1999  Elsevier  Science  Ltd.  All 
rights  reserved. 


1.  Introduction 

Passivation  of  the  semiconductor  surfaces  in  a  device 
is  often  necessary  to  stabilize  the  surface  and  prevent 
the  surface  (surface  states)  from  adversely  affecting  the 
device  performance  [1].  The  passivating  layer  on  a 
device  may  not  only  be  used  to  protect  and  stabilize 
the  semiconductor  interface,  but  also  to  provide  an  iso¬ 
lating  dielectric  layer  for  the  devices.  Thus  one  wishes 
to  protect  against  the  environment,  isolate  the  contacts 
from  the  devices,  stabilize  the  surface  and  have  a  stable 
high  resistivity  uniform  layer  covering  the  devices.  Not 
only  are  the  chemical  properties  of  the  semiconductor/ 
dielectric  interface  important  but  also  the  electrical, 
structural  and  morphological  properties  of  the  passi¬ 
vating/isolating  material  layers.  Along  with  the  choice 
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of  passivating  material  the  cleaning  and  surface  prep¬ 
aration  of  the  surface,  before  the  passivating  layer  is 
deposited,  can  also  be  crucial.  All  these  issues  make 
the  passivation  and  isolation  task  a  demanding  and 
difficult  one  [2]. 

Extensive  literature  has  been  published  on  the 
improvement  of  III-V  semiconductor  surface/interface 
electrical  characteristics  after  sulphur  treatment.  It  has 
been  a  common  approach  since  the  work  of  Sandroff 
et  al.  [3]  on  GaAs.  Significant  reduction  of  the  surface 
recombination  velocity  and  enhancement  of  photolu¬ 
minescence  intensity  have  been  observed  on  III-V  com¬ 
pounds  and  related  materials  after  sulphur  treatment 
[4,5].  It  has  also  been  shown  by  several  authors  [6,7] 
that  sulphur  passivation  results  in  lower  interface  state 
densities  with  improved  device  performance. 

In  an  alternative  approach  the  combination  of  ultra¬ 
violet  (UV)  irradiation  and  ozone  has  been  extensively 
used  in  device  processing  [8].  This  process  relies  on 
both  253.7  and  184.9  nm  wavelengths  from  the  UV 
source  and  can  be  effective  in  removing  organic  and 
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InP  ledge 
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Fig.  1.  Schematic  cross  section  of  the  devices,  showing  different  emitter-base  mesa  structures.  The  normal  structure  has  an  exposed 
InGaAs  base — other  structures  either  have  the  base  contact  through  a  depleted  InP  layer  (self  passivated)  or  onto  the  base  through 
a  via  hole  in  the  InP  layer  (ledge  passivated). 


non-organic  species  from  the  semiconducting  surface. 
It  has  been  found  to  produce  uniform  thin  stoichio¬ 
metric  native  oxides  [2]  and  excellent  passivation  prop¬ 
erties  and  good  electrical  characteristics  can  be 
obtained  with  UV-ozone  treatments,  for  instance,  for 
the  fabrication  of  Schottky  MIS  diodes  [9]. 

In  this  paper  we  report  a  qualitative  study  on  semi¬ 
conductor  surface  passivation  of  InGaAs/InP  based 
heterostructure  bipolar  transistors  (HBTs)  using  differ¬ 
ent  techniques.  An  HBT  is  a  useful  test  vehicle, 
because  of  its  sensitivity  to  surface  recombination 
effects.  The  III-V  semiconductors  layers  used  in  these 
devices  can  have  surfaces  that  are  adversely  affected  by 
exposure  to  the  air  and  capping  with  dielectric  layers 
such  as  Si02.  Most  notorious  in  this  respect  are  many 
examples  in  the  literature  for  AlGaAs/GaAs  HBTs 
[10,11].  InP-based  HBTs  are  cited  to  be  better  than 
GaAs-based  devices  because  InGaAs,  the  narrow 
bandgap  material  used  in  the  base,  and  InP  have  lower 
surface  recombination  velocities  than  GaAs  [12,13]. 
(InGaAs  is  the  normal  lattice-matched  composition 
Ino.53Gao.47As.)  For  InP  thermal  oxidation  is  not  a 
viable  solution  to  treat  the  semiconductor  surface  since 
this  induces  phosphorus  vacancies  in  the  bulk  and  el¬ 
emental  phosphorus  at  the  oxide  interface — this  giving 
rise  to  an  electrically  poor  interface.  The  passivation 
problem  can  be  addressed  with  various  processing  and 
materials  deposited  on  the  vulnerable  semiconductor 
surface  or  by  geometrical  designs  of  the  device  to  pre¬ 


vent  the  vulnerable  surface(s)  being  exposed.  We  exam¬ 
ine  both  approaches  in  this  paper. 


2.  Experimental  details 

In  a  typical  emitter-up  HBT  the  surface  that  is  cru¬ 
cially  important  is  the  emitter-base  region  which  typi¬ 
cally  exposes  a  small  area  of  the  base  and  the  edge  of 
the  emitter — since  the  device  structure  normally 
involves  an  emitter-base  mesa  (Fig.  1).  The  exposed 
semi-conductor  surfaces  of  importance  in  our  devices 
are  the  InGaAs  of  the  base  and  the  InP  emitter  edge. 

The  epitaxial  layer  structures  used  to  fabricate  the 
devices  used  in  this  study  are  described  in  Table  1 .  The 
major  difference  in  the  second  layer  design  is  that  the 
InP  emitter  is  30  nm  thick.  The  HBTs  were  triple-mesa 
devices  fabricated  using  wet-chemical  etching — no  dry 
etching  which  could  cause  surface  damage  was  used. 
(Any  chemical  residues  after  etching  and  using  photo¬ 
resist  can  be  an  avoided  if  appropriate  careful  cleaning 
procedures  are  followed.)  In  Fig.  1  we  show  the  differ¬ 
ent  cross-sectional  structures  of  the  devices  studied.  In 
the  normal  structure  (N)  the  InP  is  removed  from  the 
InGaAs  base.  In  the  other  devices  the  thin  InP  emitter 
is  left  intact  on  the  base  and  the  contact  to  the  base  is 
either  through  the  InP,  or  through  a  via  hole  in  the 
InP  layer.  The  latter  two  structures  are  referred  to  as 
self-passivated  and  ledge-passivated  devices  respect- 
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Fig.  2.  Gummel  plots  for  normal  large  area  HBTs  with  and  without  the  surface  treatments  indicated.  There  was  no  oxide  coating 
on  these  devices. 


ively.  The  use  of  a  thin  ledge  to  protect  the  base  of  an 
HBT  has  been  widely  used  in  AlGaAs/GaAs  HBTs 
[11,13]. 

For  the  passivation  treatments  of  the  surfaces  we 
used  a  sulphide  treatment  and  also  UV-ozone.  The  sul¬ 
phide  approach  used  a  (NH4)2S  aqueous  solution 
(Johnson  Matthey  yellow  sulphide  with  a  S  weight 
concentration  of  8.9%).  The  samples  were  dipped  in 
the  (NH4)2S  solution  for  ~1  min  at  room  temperature, 
then  rinsed  in  acetone  solvent,  followed  by  washing  in 
methanol  and  blown  dry  in  nitrogen.  Our  UV-ozone 
exposures  were  carried  out  at  room  temperature  (18°C) 
in  a  commercial  system  (model  PR- 100,  UVP  Inc.). 
The  samples  were  placed  10  mm  below  the  UV  lamp 
and  the  UV  ozone  generated  in  air.  The  samples  were 


exposed  to  the  UV-ozone  treatment  for  times  from  5 
to  60  min. 

The  chemical  compositions  of  InGaAs  (100)  surfaces 
before  and  after  UV-ozone  or  sulphur  treatment  were 
studied  using  XPS.  The  XPS  experiments  were  carried 
out  in  a  PHI  5500  system  equipped  with  monochro- 
mated  Al  Ka  source  and  a  hemispherical  electron 
energy  analyzer.  As  3  d,  In  3d5/2,  Ga  2p3/2,  and  S  2p 
core  levels  were  recorded  and  analyzed. 

3.  Results  and  discussion 

A  useful  test  of  the  effectiveness  of  the  passivation 
of  an  HBT  is  to  examine  the  low  current  region  of  a 
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Fig.  3.  XPS  intensities  for  InGaAs  surfaces:  untreated  surface 
data  is  shown  using  open  data  points  and  the  sulfur-treated 
surface  with  solid  data  points.  This  shows  the  reduction  of 
the  surface  oxides  using  the  sulfur  passivation. 

Gummel  plot  and  the  dc  gain.  Surface  recombination 
causes  the  collector  and  base  current  curves  to  cross, 
because  the  ideality  factor  of  the  base  current  is  >  1 
[10].  (When  recombination  is  a  problem  the  ideality 
factor  is  ~2  since  the  recombination  centres  are  most 
effective  if  in  mid-gap.)  Poor  Gummel  plots  can  occur 
even  for  large-area  devices.  In  our  20  x  30  pm2  devices 
the  perimeter/area  for  the  emitter  is  1/6  pm-1,  but 
since  the  device  is  non-self-aligned  the  exposed  base 
area  is  at  least  an  order  of  magnitude  larger  than  the 
exposed  edge  of  the  InP  emitter. 

In  Fig.  2  we  show  the  effect  of  sulphur  passivation 
on  a  normal  large  area  device  and  the  effect  of  a  UV- 
ozone  treatment.  The  XPS  data  in  Fig.  3  clearly  show 
that  the  air-exposed  surface  (open  circles)  is  covered 
with  a  few  nm  thick  layer  of  mixed  As,  Ga  and  In  ox¬ 


Fig.  4.  Normalized  XPS  intensities  for  untreated  and  UV- 
ozone-treated  InGaAs  surfaces,  showing  the  growth  of  As 
and  In  oxides. 

ides.  These  native  oxides  are  known  to  produce  non- 
radiative  recombination  defect  centers.  These  surface 
oxides  were  completely  removed  by  S  treatment,  as 
concluded  from  the  core  level  spectra  recorded  from 
the  S-treated  surface  (solid  circles).  By  comparing  S- 
treated  and  in  situ  cleaved  surfaces,  we  concluded  in 
previous  studies  [14,15]  that  S  forms  ordered  Ga-S- 
Ga  and  In-S-In  bridge  bonds  along  [001]  on  GaAs 
(100)  and  InP  (100)  surfaces,  respectively.  We  suggest 
that  the  sulphur  treatment  results  at  first  in  slight  etch¬ 
ing  of  the  semiconductor  surface  (this  removes  the 
native  oxides  as  well  as  the  surface  and  near  surface 
defects)  and  then  the  passivation  of  the  surface  states 
[16,17].  The  overall  effect  is  to  reduce  the  interface 
state  densities  and  the  surface  recombination. 

As  shown  in  Fig.  2,  the  UV-ozone  treatment  yields 
an  improvement  of  the  HBT  current  gain  of  almost 
one  order  of  magnitude  at  low  collector  currents.  The 
improved  characteristics  of  the  UV-ozone  treated 
devices  are  correlated  with  an  efficient  reduction  of  the 
excess  current  originating  from  surface  recombination. 
This  was  also  confirmed  by  the  decrease  of  the  base 
ideality  factors.  Based  on  XPS  studies,  we  found  that 
the  UV-ozone  treated  InGaAs  (100)  surface  is  covered 
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Fig.  5.  DC  current  gain  for  a  large  area  devices  with  or  with¬ 
out  a  PECVD  oxide  coating  layer.  No  passivation  treatment 
was  done  before  the  oxide  deposition. 

with  As203,  As205,  Ga203,  and  InOx  (Fig.  4).  (In  con¬ 
trast  for  InP  Besland  et  al.  [18]  claim  that  after  a 
10  min  UV  ozone  treatment  the  interface  composition 
is  InP04.)  As  reported  in  our  previous  study  [19],  we 
found  that  the  UV-ozone  treatment  not  only  produces 
a  surface  oxide  film,  which  removes  defective  surface 
layers  induced  during  device  processing,  but  also  re¬ 
stores  the  stoichiometric  composition  at  the  semicon¬ 
ductor  surface  when  the  UV-ozone  exposures  are 
about  10  min. 

We  suggest  that  the  following  occurs  during  surface 
passivation  by  UV-ozone:  removal  of  surface  and  near 
surface  defects  through  oxidation  (these  defects  could 
be  interstitial  such  as  elemental  As,  vacancies,  metallic 
and  organic  contaminates  and  could  be  produced 
during  device  fabrication)  and  restoration  of  a  stoi¬ 
chiometric  semiconductor  surface,  which  is  achieved  by 
the  removal  of  surface  vacancies  and  interstitials. 

The  improvements  in  the  electrical  characteristics 
(Fig.  2)  are  not  necessarily  maintained  after  the  depo¬ 
sition  of  an  oxide.  For  unpassivated  devices  that  have 
reasonable  characteristics,  deposition  of  an  oxide  can 
adversely  alter  the  characteristics  of  even  large-area 
devices.  This  we  show  in  Fig.  5.  A  newly  fabricated 
unpassivated  device  is  worse  after  deposition  of  a 
PECVD  oxide,  indicating  that  the  interface  between 
the  semiconductor  and  the  deposited  oxide  is  electri¬ 
cally  poor.  Removing  the  PECVD  oxide  and  exposing 
the  oxide-semiconductor  interface  to  HF  can  restore 
the  original  performance.  Not  only  does  HF  remove, 
selectively,  the  deposited  oxide  and  also  the  native  ox¬ 
ides,  but  it  also  passivates  dangling  bonds  at  the  semi¬ 
conductor  surface  with  hydrogen  [20,21]  or  fluorine 
[22].  However  an  HF  treatment  alone  on  InGaAs  does 
not  passivate  the  surface  if  an  oxide  is  subsequently 
deposited  on  the  surface. 

It  is  possible  to  obtain  good  results  using  the  normal 
designed  devices  in  a  self-aligned  high  frequency 


Fig.  6.  DC  current  gain  for  small-area  high  frequency  devices. 
Both  devices  were  PECVD-oxide  coated,  the  device  with  the 
higher  gain  had  the  UV-ozone +  HF  surface  treatment  prior 
to  oxide  deposition.  The  layer  structure  had  the  150  nm  thick 
InP  emitter,  as  in  Figs.  2  and  5. 

device,  as  long  as  the  advantages  of  the  passivation 
treatment  can  be  preserved  after  a  dielectric  layer 
(such  as  Si02)  is  deposited.  We  have  accomplished  this 
by  using  a  UV  ozone +  HF  treatment  prior  to  the 
oxide  deposition.  The  results  for  the  dc  gain  for  a 
device  having  this  treatment  compared  with  those  from 
an  unpassivated  device  show  the  effectiveness  of  this 
passivation  scheme  (Fig.  6).  We  suggest  the  reasons  for 
the  success  of  this  approach  include  the  facts  that  the 
10  min  UV  ozone  treatment  grows  an  oxide  which 
consumes  some  of  the  electrically-poor  semiconductor 
surface  and  returns  the  semiconductor  interface  to  its 
original  composition,  then  the  HF  removes  most  of 
the  oxides  that  were  created  by  the  UV-ozone  treat¬ 
ment — and  passivates  the  semiconductor  surface.  The 
surface  oxide  created  by  the  UV-ozone  presumably 
contained  the  defects  (vacancies,  interstitial  and  other 
contaminates)  trapped  at  or  near  the  surface. 


Fig.  7.  DC  current  gain  for  large  area  HBTs  with  the  self-  or 
ledge-passivated  structures  (see  Fig.  1).  The  second  wafer  de¬ 
sign  was  used  for  these  devices.  There  was  no  oxide  coating. 


1450 


R.  Driad  et  al.  j  Solid-State  Electronics  43  ( 1999 )  1445-1450 


A  alternative  way  to  deal  with  the  passivation  pro¬ 
blem  directly  is  not  to  expose  the  base  region  at  all, 
but  to  leave  it  covered  with  a  thin  layer  of  the  emitter 
material.  (This  has  been  a  strategy  in  GaAs-based 
devices  [13].)  This  can  only  work  if  the  layer  is 
depleted  (or  undoped)  or  else  there  will  be  a  simple 
leakage  path  from  the  base  contact  to  the  emitter.  The 
contact  to  the  base  can  be  either  through  a  via  hole  in 
the  InP  layer  on  the  base  or  by  a  diffused  contact 
through  the  layer.  This  we  have  tried  with  the  two  de¬ 
signs  (self-  and  ledge-passivated).  The  devices 
employed  the  second  epitaxial  layer  design  with  the 
thin  InP  emitter.  The  results  are  shown  in  Fig.  7.  The 
ledge  passivated  device  has  the  highest  gain  of  the 
three  designs.  Note  there  was  no  oxide  or  passivation 
treatment  on  the  normal  device.  To  apply  this 
approach  to  high  frequency  devices  is  more  of  a  chal¬ 
lenge.  Recently,  however,  a  similar  study  to  ours  has 
been  made  on  InGaP/GaAs  HBTs  [23].  In  this  paper  a 
design  using  a  thin  emitter  that  self-passivates  the  base 
is  shown  to  be  best  to  improve  the  gain,  and  this  also 
helps  preserve  a  good  Fmax  as  long  as  the  contact 
through  the  thin  depleted  emitter  layer  is  made  close 
to  the  emitter  mesa,  in  a  self-aligned  design.  Such  an 
approach  reduces  RB. 

The  passivation  studies  discussed  here  have  not 
clarified  which  semiconductor  surface  in  the  InP/ 
InGaAs  HBTs  is  most  responsible  when  the  perform¬ 
ance  is  poor  due  to  surface  passivation  problems.  Both 
the  InP  on  the  emitter  and  InGaAs  base  are  involved. 
For  example  Kikawa  et  al.  [24]  recently  reported  that 
use  of  Si02  on  InP  causes  the  Fermi  level  at  an  InP 
surface  to  shift  to  close  to  the  conduction  band  edge, 
resulting  in  a  surface  leakage  path  and  excess  base  cur¬ 
rent.  Because  there  is  a  heterojunction  between  the  InP 
and  InGaAs  holes  cannot  get  into  the  emitter  es¬ 
pecially  at  low  bias.  Thus  it  is  most  likely  that  the 
recombination  at  the  base  surface  is  more  important 
than  on  the  emitter  edge.  This  is  supported  by  the 
results  for  the  device  where  InP  is  left  on  the  base,  as 
in  the  ledge-passivated  design. 

4.  Conclusions 

We  have  shown  how  the  characteristics  of  large-area 
InP/InGaAs  HBTs  are  significantly  altered  by  depo¬ 
sition  of  oxide  on  the  devices  or  by  common  surface 
treatments.  For  high  frequency  devices  we  have  suc¬ 
cessfully  treated  the  semiconductor  surface  with  UV 
ozone +  HF  to  passivate  the  devices  and  obtain  good 
performance.  In  an  alternative  approach  we  have 
shown  that  using  a  thin  InP  emitter  is  a  useful 
approach  since  it  allows  a  thin  ledge  to  be  left  on  the 


devices  which  then  do  not  have  the  base  surface 
exposed. 
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Abstract 

We  review  the  parameters  and  performance  of  GaN-based  pyroelectric  and  piezoelectric  sensors  and  report  on  the 
characteristics  of  GaN-based  High  Electron  Mobility  Transistors  (HEMTs)  grown  on  4H-SiC  substrates.  The 
piezoelectric  and  pyroelectric  devices  can  operate  at  elevated  temperatures,  where  conventional  pyroelectric  materials 
have  poor  characteristics  or  even  lose  pyroelectric  properties.  The  transistors  grown  on  insulating  4H-SiC  substrates 
have  a  much  smaller  thermal  impedance,  exhibit  less  severe  self-heating  effects,  lower  noise,  and  their  microwave 
performance  is  less  sensitive  to  a  temperature  increase  than  for  similar  devices  on  sapphire  substrates.  ©  1999 
Elsevier  Science  Ltd.  All  rights  reserved. 


L  Introduction 

The  electron  peak  velocity  in  GaN  is  triple  of  that 
for  Si,  its  electron  mobility  is  about  twice  as  large  as 
for  Si,  and  its  thermal  conductivity  is  comparable  to 
that  of  Si  (see  Fig.  1).  With  an  increase  in  the  doping 
density,  the  electron  mobility  decreases  more  slowly 
than,  for  example,  for  GaAs.  This  allows  us  to  obtain 
record  values  of  the  mobility-sheet  carrier  density  pro¬ 
ducts.  The  AlGaN/GaN  material  system  is  capable  of 
supporting  the  sheet  carrier  densities  of  the  two-dimen¬ 
sional  electron  gas  up  to  1.5  x  1013  cm-3  (up  to 
5  x  10i3  cm"2  in  doped  channel  structures),  which  is 
5-20  times  larger  than  in  the  AlGaAs/GaAs  materials 
system  [1].  GaN  epitaxial  layers  can  be  grown  on  SiC, 
which  allows  us  to  combine  superior  transport  proper¬ 
ties  of  GaN  with  an  exceptional  thermal  conductivity 
of  SiC  [2,3].  Large  piezoelectric  constants  of  AIN  and 
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GaN  can  be  used  in  piezoelectric  [4-6]  and  pyroelectric 
[7,8]  sensors  and  should  be  accounted  in  designing  con¬ 
ventional  electronic  devices,  such  as  AlGaN/GaN 
HEMTs,  for  enhancing  the  sheet  carrier  concentration 
and  reducing  leakage  current  [9].  A  recent  analysis  of 
hot  electrons  in  GaN  quantum  wells  [10]  seems  to 
imply  that  the  breakdown  field  in  such  wells  will  be 
determined  by  the  AlGaN  cladding  layers  and  not  by 
the  quantum  well  material.  All  of  this  gives  hope  that 
electronic  devices  based  on  GaN  will  reach  the  same 
prominence  as  GaN-based  blue/amber,  and  white  light 
emitters.  In  this  paper,  we  review  recent  progress  on 
GaN  electronic  devices,  including  piezoelectric  and 
pyroelectric  sensors,  detectors  of  microwave  radiation 
[11],  and  field  effect  transistors  with  emphasis  on 
AlGaN/GaN  on  insulated  SiC  substrates  that  can  uti¬ 
lize  superior  physical  properties  of  the  GaN-based  ma¬ 
terial  system.  An  example  of  such  a  device  is  a  Doped 
Channel  Heterostructure  Field  Effect  Transistor  grown 
on  SiC.  More  recently,  GaN-based  HEMTs  have  been 
demonstrated  on  insulated  4H-SiC  substrates.  These 
devices  hold  promise  for  superior  power  microwave 
performance  and  have  already  yielded  record  micro- 
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Fig.  1 .  Materials  properties  of  Si,  SiC,  and  GaN. 


wave  power  [12].  Table  1  gives  a  brief  summary  of 
GaN-based  electronic  devices. 


2.  GaN  piezoelectric  and  pyroelectric  sensors 

GaN-based  materials  usually  have  the  wurtzite 
crystal  structure  and  are  grown  in  the  (0001)  direc¬ 
tion.  This  axis  is  a  polar  axis,  and  these  materials 
have  strong  lattice  polarization  effects,  which  allows 
us  to  use  them  in  piezoelectric  and  pyroelectric  sen¬ 
sors.  N-type  GaN  exhibits  strong  pyroelectric  effect 
even  in  samples,  where  the  contacts  were  placed  on 
top  of  the  GaN  film  grown  in  the  (0001)  direction. 
In  this  case,  the  pyroelectric  signal  is  proportional 
to  a  small  deviation  (3-4°)  of  the  direction  of  the 
GaN  growth  from  the  (0001)  axis,  see  Fig.  2. 

The  spontaneous  polarization  in  a  pyroelectric 
crystal  is  usually  compensated  by  ambient  positive 
and  negative  charges  attracted  to  the  charged  sur¬ 
face  of  a  pyroelectric  crystal  from  air  and/or  from 
the  bulk  of  the  material.  However,  the  magnitude  of 
the  polarization  depends  on  temperature,  and,  when 
temperature  changes,  the  dynamic  variations  of  the 
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Fig.  2.  Schematic  of  GaN  pyroelectric  sample  [7,8]. 
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heat  transfer,  which  can  be  implemented,  for  example, 
when  a  sensor  is  immersed  in  an  ambiance  with  a 
small  viscosity  and  /or  high  flow  velocity.  In  such  mov¬ 
ing  medium  (for  example,  hot  gas  flow),  GaN-based 
sensors  will  generate  a  voltage  response  which  is  pro¬ 
portional  to  the  heat  (and  thus,  gas)  flow  rate.  The  pri¬ 
mary  pyroelectric  effect  has  been  studied  in  Ref.  [7], 
and  the  secondary  pyroelectric  effect  has  been  investi¬ 
gated  in  Ref.  [8].  The  measured  pyroelectric  voltage 
coefficient  of  n-type  GaN  is  on  the  order  of  104  V/mK 
and  is  comparable  to  those  of  the  pyroelectric  ceramics 
[13].  The  pyroelectric  voltage,  V ,  can  be  described  by 
the  simple  equation  [7,8]: 

V  =  aiQ+  a2W+Vpiezo-~  (1) 

'ts 

Here  dots  denote  time  derivatives, 

Q  =  y(T-  Too)  (2) 

is  a  thermal  flow  per  unit  volume,  V0  and  S  are  the 
sample  volume  and  surface,  h  the  heat  transfer  coeffi¬ 
cient, 


Fig.  3.  Bath  temperature  (a),  sample  temperature  (b),  and 
pyroelectric  voltage  (c)  vs  time  [7].  Dots  are  measured  data, 
solid  curves  are  calculated  using  our  model.  A T0  —  108°C. 

pyroelectric  charge  may  be  monitored.  These  charge 
variations  include  the  variation  of  the  spontaneous 
polarization  (primary  pyroelectric  effect)  and  the  vari¬ 
ations  caused  by  changes  in  temperature-related  strain 
(secondary  pyroelectric  effect).  The  primary  pyroelec¬ 
tric  effect  is  dominant  under  the  condition  of  a  fast 


W=cpp(T-T0 )  (3) 

is  the  heat  accumulated  (dissipated)  by  the  sample,  cp 
is  the  sample  specific  heat,  r  is  the  sample  density,  T  is 
temperature,  T0  and  are  the  initial  sample  tem¬ 
perature  and  bath  temperature,  respectively,  xs  is  the 
pyroelectric  charge  relaxation  time,  oq  and  a2  are  con¬ 
stants.  The  first  term  in  the  right-hand  side  of  Eq.  (1) 
represents  the  response  to  the  heat  flow,  the  second 
term  accounts  for  the  response  to  the  heat  accumu- 


Fig.  4.  Band  diagram  of  the  symmetrically  doped  SIS  structure  (a)  and  GaN-AlN-GaN  epitaxial  structure  (b)  [15], 
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Fig.  5.  Capacitance  of  GaN-AlN-GaN  SIS  structure  at  zero 
bias  voltage  as  a  function  of  AIN  layer  thickness.  Circles  are 
experimental  data,  solid  and  dash  lines  are  theory  for  fully 
unrelaxed  and  fully  relaxed  structures,  respectively  [15]. 

lation  (dissipation),  the  third  term  represents  the  piezo¬ 
electric  voltage,  KpieZo,  caused  by  the  strain  from  non- 
uniform  thermal  expansion,  i.e.  the  secondary  piezo¬ 
electric  effect,  Refs.  [7,8].  Fig.  3  (from  [7])  shows  that 
the  theory  of  the  pyroelectric  effect  in  GaN  samples 
based  on  Eqs.  (l)-(3)  is  in  good  agreement  with  exper¬ 
imental  data.  The  pyroelectric  voltage  coefficient 
extracted  from  these  data  is  comparable  to  that  of  the 
pyroelectric  ceramics  such  as  PZT  or  BaTi03,  and  is 
proportional  to  the  heat  flow  density  dissipated  (accu¬ 
mulated)  by  the  sample.  A  characteristic  value  of  heat 
flow  conversion  into  electricity  (extracted  from  our 
data  using  our  model  of  the  pyroelectric  effect  in  GaN) 
is  Pf  =  d F/  d Q  =  0.0023  V  m2/W. 

3.  Piezoelectric  sensors 

Strongly  pronounced  piezoelectric  properties  play  a 
key  role  in  strained  GaN-AlGaN  and  InGaN-GaN 
multilayer  structures.  The  lattice-mismatch-induced 
strain  generates  polarization  fields.  In  GaN-AlN-GaN 
semiconductor-insulator-semiconductor  (SIS)  structures 
with  the  growth  axis  along  a  (0001)  crystallographic 
direction  (see  Fig.  4),  the  strain-induced  electric  fields 
can  shift  the  flat  band  voltage  by  1.5  V  and  produce 
an  accumulation  region  on  one  side  and  the  depletion 
region  on  the  other  side  of  the  AIN  insulator  [14].  As 
a  consequence  of  the  asymmetry  in  the  space  charge 
distribution,  the  capacitance- voltage  (C-V)  character¬ 
istics  and  the  current-voltage  (I-V)  characteristics  of 
the  symmetrically  doped  SIS  structures  become  asym¬ 
metrical.  The  degree  of  the  asymmetry  depends  on 
strain.  This  allows  one  to  develop  C-V  and  I-V 
characterization  techniques  for  SIS  structures  and 
FETs,  extract  critical  thicknesses  and  demonstrate  the 
gradual  elastic  strain  relaxation  process  with  an 
increase  in  strained  layer  thickness  [15-17].  To  deter¬ 
mine  the  elastic  strain  relaxation,  Bykhovski  et  al.  [17] 
plotted  the  capacitance  at  zero  bias  as  a  function  of 
AIN  thickness,  L  (see  Fig.  5).  Donor  concentrations 


were  2  x  1017  cm-3.  In  the  same  Figure,  we  show  the 
theoretical  curves  for  the  symmetrically  doped  struc¬ 
ture  corresponding  to  totally  relaxed  and  totally  unre¬ 
laxed  films.  The  experimental  result  for  30-A  AIN  film 
is  in  excellent  agreement  with  the  calculation  for  the 
totally  unrelaxed  structure.  Thicker  AIN  films  seem  to 
be  partially  relaxed.  Therefore,  the  starting  point  for 
the  generation  of  misfit  dislocation  corresponds  to 
L  >  30  A.  This  conclusion  is  in  agreement  with  exper¬ 
imental  studies  of  strained-layer  GaN/AIN  superlat¬ 
tices  [18].  In  this  work  the  upper  limit  for  the  complete 
relaxation  was  estimated  to  be  around  100  A. 

Piezoelectric  effects  strongly  affect  performance  of 
light  emitting  devices  based  on  III-N  quantum  well 
structures.  They  can  dramatically  change  the  selection 
rules  for  the  interband  transitions  in  Ill-Nitride  quan¬ 
tum  wells  and  multiple  quantum  wells  (MQWs). 
Strain-induced  electric  field  causes  the  spatial  separ¬ 
ation  of  electron  and  hole  inside  the  quantum  well 
[19].  As  a  result,  the  optical  matrix  element  for  the 
lowest  conduction-band-first  heavy  hole  transition  can 
be  dramatically  reduced,  and  transitions  forbidden  in 
strain-free  structures  can  exist.  Also,  strain-induced 
electric  field  causes  a  significant  reduction  of  an  appar¬ 
ent  band  gap,  which,  in  turn,  results  in  a  red  shift  in 
optical  spectra  and  is  reflected  in  photoemission  fea¬ 
tures  [20].  Electroluminescence  measurements  in 
InGaN/GaN  quantum  wells  demonstrated  the  blue 
shift  of  the  electroluminescence  caused  by  an  increase 
of  the  driving  current,  which  was  partially  explained 
by  the  screening  of  the  piezoelectric  field  [21].  A  strain- 
induced  modulation  of  optical  transitions  in  quantum 
structures  can  be  utilized  for  development  of  high¬ 
speed  UV  light  modulators  and  fast  switching  light 
emitting  devices. 

Small  static  gauge  factors  (GFs)  of  n-type  GaN  can 
indicate  that,  because  of  a  small  activation  energy,  the 
donor  states  are  close  to  the  conduction  band,  and  the 
donor  energy  levels  shift  together  with  the  conduction 
band  under  the  stress.  Consequently,  the  donor  acti¬ 
vation  energy  does  not  change  under  the  strain,  and 
the  static  piezoresistive  effect  is  small. 

The  comparison  of  the  piezoresistance  in  GaN  [6] 
with  the  experimental  results  for  SiC  [22]  and  GaAs 

[23]  shows  that  n-type  GaN-based  electromechanical 
sensors  are  more  sensitive  than  those  made  from  GaAs 
or  SiC.  The  GaN  sensors  can  be  used  for  time-depen- 
dent  measurements  of  vibrations,  sudden  changes  in 
acceleration,  force,  pressure,  etc.  in  the  wide  frequency 
range,  above  approximately  1  Hz.  As  mentioned  pre¬ 
viously,  our  data  show  that  a  high  sensitivity  of  our 
samples  to  the  stress  variations  can  be  explained  by 
strong  piezoelectric  effect  properties  of  GaN.  In  SiC, 
piezoelectric  constants  are  much  smaller  than  in  GaN 

[24] .  That  is  why  GaN  has  an  advantage  over  SiC  for 
time-dependent  applications.  These  unique  properties 
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Fig.  7.  Transfer  characteristics  of  Alo.25Gao.75N-GaN  HFETs 
on  insulating  4H-SiC  substrates  (after  [28]). 


Fig.  6.  Normalized  source-drain  current  at  zero  gate  bias  for 
HFETs  grown  on  sapphire  and  p-type  6H-SiC  substrates, 
measured  at  source-drain  voltages  of  7.5  and  10  Y,  respect¬ 
ively.  Horizontal  lines  show  the  source-drain  current  values  at 
time  moment  t  =  1  ms  [30]. 

of  GaN  films  can  be  also  useful  in  high  temperature 
piezoelectric  sensors. 

4.  AlGaN/GaN  HEMTs  on  SiC  substrates 

GaN/AlGaN  HEMTs  dissipate  a  very  large  power. 
Therefore,  their  thermal  impedance  is  very  important. 
Typical  AlGaN/GaN  FET  epilayer  structures  are 
deposited  over  basal  plane  sapphire  substrate  using  a 
low  pressure  MOCVD  system.  Conventional  heat-sink¬ 
ing  designs,  such  as  a  flip-chip  (see,  for  example  [25]) 
can  also  be  used  in  order  to  reduce  self-heating. 
Thibeault  et  al.  [26]  obtained  excellent  results  for 
AlGaN/GaN  HFETs  using  this  approach.  Another 
approach  involves  using  SiC  substrates.  The  replace¬ 
ment  of  sapphire  substrates  with  SiC  substrates  drasti¬ 
cally  decreases  the  thermal  impedance  of  the  AlGaN/ 
GaN  HFETs  and  self-heating  effects.  Such  devices 
have  been  demonstrated  on  doped  6H-SiC  [1-3,9]  and 
semi-insulating  4H-SiC  [27,28].  Recent  studies  of  GaN/ 
AlGaN  on  SiC  substrates  showed  that  these  substrates 
reduce  the  device  thermal  impedance  by  more  than  an 
order  of  magnitude  (down  to  approximately  2°C  mm/ 
W,  i.e.  about  20  times  smaller  than  for  typical  GaAs 
power  FETs.  The  dissipated  values  of  the  DC  power 
were  up  to  0.8  MW/cm2  [3]. 

Fig.  6  (from  [29])  shows  the  normalized  source-drain 
current  at  zero  gate  bias  for  HFETs  grown  on  sap¬ 
phire  and  p-type  6H-SiC  substrates,  measured  at 
source-drain  voltages  of  7.5  and  10  V,  respectively. 
This  Figure  clearly  illustrates  the  advantages  of  using 
SiC  substrates. 

The  epitaxial  GaN  structure  grown  on  SiC  also  have 


an  advantage  of  a  much  smaller  lattice  mismatch  (only 
3-4%).  Comparative  studies  of  the  Hall  mobility, 
Quantum  Hall  Effect,  and  Shubnikov-de-Haas  effect 
on  AlGaN/GaN  heterostructures  grown  by  MOCVD 
on  sapphire  and  6H-SiC  substrates  using  an  isolating 
AIN  buffer  show  that  the  material  quality  is  much  bet¬ 
ter  for  the  heterostructures  grown  on  6H-SiC  [30]. 
Semi-insulating  SiC  substrates  yield  a  much  better 
microwave  performance  because  of  sharply  reduced 
parasitics  (see,  for  example  [12]). 

GaN/ AlGaN  HFETs  on  SiC  substrates  exhibited  a 
strong  backgating  effect.  The  application  of  bias  to  the 
SiC  substrate  also  changes  the  shape  of  the  transcon¬ 
ductance  dependence  on  the  top  gate  bias.  When  the 
top  gate  is  floating,  the  SiC  substrate  acts  as  the  gate 
with  the  effective  device  transconductance  on  the  order 
of  50  mS/mm,  even  in  the  devices  with  the  distance 
between  the  substrate  and  the  channel  on  the  order  of 
0.5  micron  [2].  Thinner  epitaxial  structures  should 
exhibit  a  larger  current  enhancement. 

Fig.  7  shows  typical  characteristic  of  an  AlGaN/ 


Temperature  (°C) 

Fig.  8.  Normalized  /,  (curve  1)  and  /max  (curve  2)  of 
Alo.25Ga0.75N-GaN  HFET  on  4H-SiC.  Curve  3  shows  f,{T) 
for  AlGaN-GaN  HFET  grown  on  sapphire  substrate  (after 
[28]). 
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Fig.  9.  Spectral  noise  power  density  (NPD)  of  drain  current 
noise  at  I  Hz  as  a  function  of  power  dissipated  on  the  transis¬ 
tor  (after  [28]). 


Table  2 

Parameters  of  Al0.25Ga0.75N-GaN  HFETs  on  insulating  4H- 
SiC  (after  [28]) 


DC 


Contact  resistance 

0.3-0. 4  D  mm 

Drain  current 

0.65  mA/mm 

Transconductance 

250  mS/mm 

Threshold  voltage 

-2  V 

Breakdown  voltage 

100  V 

High  frequency 

ft 

35  GHz 

./max 

85  GHz 

Thermal 

Thermal  impedance 

2-2. 5°C  mm/W 

Noise 

Hooge  constant 

0.001 

GaN  HEMT  on  an  insulating  4H-SiC  substrate.  This 
device  exhibits  a  fairly  high  transconductance.  Fig.  8 
compares  the  temperature  dependencies  of  the  normal¬ 
ized  cutoff  frequency,  /,,  (curve  1)  and  the  maximum 
frequency  of  oscillations,  /max,  (curve  2)  of 
Alo.25Ga0.75N-GaN  HFET  on  4H-SiC  with  the  ft(T) 
dependence  for  an  AlGaN-GaN  HFET  grown  on  sap¬ 
phire  substrate  (curve  3).  As  can  be  seen  from  the 
Figure,  the  device  on  4H-SiC  substrate  is  much  more 
tolerant  to  a  temperature  increase. 

Fig.  9  shows  the  spectral  noise  power  density  (NPD) 
of  the  drain  current  noise  at  1  Hz  as  a  function  of 
power  dissipated  on  the  transistor  [28,31].  The 
extracted  Hooge  constant,  a  =  0.001,  is  about  an  order 
of  magnitude  smaller  than  that  for  the  device  grown 
on  sapphire  [32]  indicating  a  much  better  material 
quality. 


Temperature  (K) 


I 


Fig.  10.  Noise  power  density  of  Al0.25Gao.75N-GaN  HFET  on 
4H-SiC  substrate  measured  at  1  Hz  frequency  and  gate  bias 
VG—  —  1  V  (circles)  and  calculated  2D  electron  mobility  (solid 
curves)  as  a  function  of  temperature.  1  -ns  =  5  x  1012  cm-2; 
2— 1013  cm-2  (after  [28]). 


Fig.  10  compares  the  temperature  dependence  of  the 
noise  power  density  of  Al0.25Ga0.75N-GaN  HFET  on 
4H-SiC  substrate  measured  at  1  Hz  frequency  and  gate 
bias  Kg  =  — 1  V  (circles)  with  the  calculated  tempera¬ 
ture  dependence  of  the  2D  electron  mobility  (solid 
curves)  for  two  different  concentration  of  the  2D-elec- 
trons  [28].  As  can  be  seen  from  this  Figure,  there  is  a 
strong  correlation  between  the  level  of  the  1//  noise 
and  the  low-field  mobility.  This  confirms  that  the  level 
of  the  1  //  noise  is  linked  to  the  material  quality. 

Parameters  characterizing  the  performance  of  an 
AlGaN/GaN  HEMT  on  4H-SiC  substrate  are  sum¬ 
marized  in  Table  2  [28]. 

Fig.  11  clearly  illustrates  the  effect  of  self-heating, 
which  is  important  even  in  devices  on  SiC  substrates 
[28].  The  parameter  that  gives  a  quantitative  measure 
of  self-heating  is  the  negative  output  conductance  in 
the  saturation  region.  Table  3  compares  self-heating 
parameters  of  AlGaN/GaN  HEMTs  grown  on  differ- 


Fig.  1 1 .  Effects  of  self-heating  effect  and  ambient  temperature 
increase  (after  [28]). 


Table  3 

Self-heating  parameters  (after  [28]) 
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Sample 

Eds  for  peak  current 

%  decrease  in  current  at  V^s  =  1 5  V 

Slope  of  7d-Ed  in  self-heating  region 

p-SiC 

7 

3.6 

3.25  x  10'3 

n-SiC 

8.5 

3.0 

2.62  x  10”3 

Sapphire 

6.5 

21.8 

2.56  x  10~2 

i-SiC 

4.53 

3.3 

3.07  x  10  3 

ent  substrates  [28].  This  table  clearly  demonstrates  ad¬ 
vantages  of  SiC  substrates. 


5.  GaN/AlGaN  HEMT  microwave  detectors 

Large  densities  of  the  2D-electron  gas  at  the 
AlGaN/GaN  heterointerface  make  these  devices  attrac¬ 
tive  for  applications  in  plasma  wave  electronics 
devices,  such  as  detectors  of  microwave  and  terahertz 
radiation  [33].  Fig.  12  (from  [11])  shows  measured  and 
calculated  frequency  dependencies  of  the  detector 
responsivity  for  a  GaN  Heterostructure  FET  (HFET) 
with  a  cutoff  frequency  of  approximately  2  GHz.  The 
periodic  variation  of  the  responsivity  with  frequency  is 
caused  by  changes  in  the  transmission  line  impedance 
with  frequency.  As  can  be  seen  from  the  Figure,  the 
device  operates  as  broad  band  non-resonant  detector 
of  microwave  radiation  at  frequencies  higher  than  the 
cutoff  frequency  and  the  measured  data  agree  with  the 
theory. 


6.  Conclusions 

Piezoelectric  and  pyroelectric  properties  of  GaN- 


/  (GHz) 


Fig.  12.  Measured  (symbol)  and  calculated  (solid)  frequency 
dependence  of  the  detector  responsivity  for  a  GaN  HFET 
with  the  gate  length  L  =  5  pm,  the  gate  bias  Uq  =  —  1  V,  and 
the  threshold  voltage  C/x  =  -2  V  [11]. 


based  materials  allow  us  to  develop  a  new  family  of 
pyroelectric  and  piezoelectric  sensors  that  might  oper¬ 
ate  at  elevated  temperatures,  where  more  conventional 
pyroelectric  materials  do  not  work.  GaN-based 
HEMTs  dissipate  large  power  and  experience  self-heat¬ 
ing.  The  self-heating  effects  are  drastically  reduced  in 
the  GaN-based  HEMTs  on  4H-SiC  semi-insulating 
substrates.  An  additional  benefit  of  these  substrates  is 
an  improved  material  quality,  which  is  revealed  by  a 
lower  noise  spectral  density. 
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SiC  and  GaN  wide 


Abstract 

Wide  bandgap  semiconducting  materials  are  promising  candidates  for  high-power,  high-temperature,  microwave 
and  optoelectronic  devices  because  of  their  superior  thermal  and  electrical  properties  in  comparison  to  conventional 
semiconductors.  Recent  developments  in  SiC  and  GaN  materials  and  processing  have  enabled  the  demonstration  of 
semiconductor  devices  with  dramatically  improved  performance.  Examples  of  these  developments  and  new  wide 
bandgap  devices  are  presented.  ©  1999  Published  by  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Wide  bandgap  semiconducting  materials  are  promis¬ 
ing  candidates  for  high-power  [1],  high-temperature  [2], 
microwave  [3]  and  optoelectronic  [4]  devices  because  of 
their  superior  thermal  and  electrical  properties  in  com¬ 
parison  to  conventional  semiconductors  (Table  1)  [5]. 
SiC,  for  example,  has  an  order  of  magnitude  greater 
thermal  conductivity  and  breakdown  field  strength  and 
a  higher  saturated  electron  drift  velocity  than  GaAs. 
SiC’s  lower  electron  mobility  is  largely  offset  by  closer 
device  geometry  afforded  by  the  higher  breakdown 
strength  and  thermal  conductivity.  In  the  case  of  GaN, 
in  addition  to  microelectronics  applications,  the  direct 
bandgap  makes  highly  efficient  blue  light  emitting 
diodes  (LEDs)  and  laser  diodes  possible.  The  lack  of 
high-quality,  large-area  and  lattice  matched  substrates 
(in  the  case  of  GaN),  combined  with  the  difficulties  in 
processing  these  materials  due  to  their  chemical,  mech¬ 
anical  and  thermal  stability,  have  hampered  the  devel- 
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opment  of  wide-bandgap  devices.  In  the  case  of  4H- 
SiC,  up  to  two-inch  diameter,  device-quality,  substrates 
are  now  commercially  available.  Although  work  has 
been  done  in  molecular  beam  epitaxy  [6,7]  as  well  as  in 
ion  implantation  [8]  for  device  active  layer  formation, 
the  most  successful  methods  for  SiC  and  GaN  device 
active  layer  fabrication  have  been  vapor  phase  tech¬ 
niques.  SiC  epitaxial  layer  background  doping  densities 
less  than  1  x  1014  cm-3  and  n  and  p-type  intentional 
doping  from  1  x  1015  cm-3  to  over  1  x  1019  cm-3  have 
been  reported  [9].  In  the  case  of  GaN,  the  use  of  AIN 
buffer  layers,  SiC  substrates  and  lateral  overgrowth 
[10]  have  dramatically  reduced  the  ~10 10  cm-2  dislo¬ 
cation  density  initially  observed  in  layers  grown  on 
sapphire  substrates. 


2.  Results 

2.1.  SiC  Epitaxial  growth 

Vapor  phase  epitaxial  (VPE)  growth  has  been  a  very 
successful  means  of  SiC  active  layer  formation.  Several 
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Table  1 

Electronic  and  physical  properties  of  Si,  GaAs,  4H-SiC  and  GaN 


Property 

Si 

GaAs 

4H-SiC 

GaN 

# 

Bandgap  (eV) 

1.12 

1.43 

3.25 

3.4 

Breakdown  field  (MV  cm-1) 

0.25 

0.3 

~3 

~  3 

Saturated  electron  velocity  (107  cm  s_l) 

1 

2.0  (peak) 

1.2  (sat) 

2.0 

2.5  (peak) 

1.5  (sat) 

Electron  mobility  Nd  ~1016  cm-3  (cm2  V"1  s_1) 

1200 

6500 

800 

900 

Thermal  conductivity  (W  cm-1  K_1) 

1.5 

0.5 

4.9 
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reactor  configurations  have  been  developed  for  the 
growth  of  SiC  epitaxial  layers,  but  typically  on  only 
one  35  mm  diameter  wafer  at  a  time  [9,11-15],  All 
reactors  are  constructed  with  high  temperature  ma¬ 
terials  such  as  quartz,  graphite  and  SiC.  Hydrogen  car¬ 
rier  gas  along  with  silane  and  propane  reagents  are 
typically  employed  at  atmospheric  and  reduced  press¬ 
ure  and  temperatures  ranging  1450-1 600°C.  Despite 
these  extreme  temperatures,  device  quality  SiC  epitax¬ 
ial  layers  have  been  grown  exhibiting  excellent  mor¬ 
phology,  purity,  mobility  and  doping  control. [9]  For 
example,  Fig.  1  contains  a  carrier  concentration  profile 
of  a  MESFET  active  layer  grown  in  our  single  wafer 
reactor  with  n-type  doping  layers  ranging  from 
~1  x  1014  cm-3  to  over  1  x  1019  cm-3. 

We  are  currently  developing  a  SiC  multi-wafer  hori¬ 
zontal  planetary  reactor,  supplied  by  Aixtron,  AG,  to 
improve  uniformity,  reproducibility  and  throughput  of 
the  SiC  epitaxial  growth  process.  Fig.  2  shows  a 
photograph  of  the  reactor  and  schematic  of  the  SiC 
reactor  chamber  described  below.  As  currently  config¬ 
ured,  the  multi-wafer  reactor  is  capable  of  growth  on 
seven  2-inch  diameter  substrates  at  a  time.  The  plane¬ 
tary  reactor  concept  was  originated  by  Frijlink  et  al. 


Fig.  1.  SIMS  profile  of  nitrogen  doping  in  a  SiC  MESFET 
(buffer  layer  doping  of  ~1  x  1014  cm-3  is  less  than  the  SIMS 
detection  limit). 


[16]  for  the  growth  of  highly  uniform  III-V  compound 
semiconductors.  In  this  design  the  gases  enter  from  the 
center  of  the  reactor  and  flow  outward  radially.  The 
entire  susceptor  rotates  about  its  center  in  order  to 
average  any  asymmetry  in  susceptor  temperature  or  re¬ 
agent  flows  and  the  individual  wafers  also  rotate  about 
their  centers.  Extending  this  concept  to  1600°C  has 
been  extremely  challenging  from  a  materials  and  coat¬ 
ing  perspective!  17]. 

Reasonably  low  n-type  background  doping  of  ap¬ 
proximately  1  x  1015  cm-3  has  been  determined  by  CV 
measurements  on  unintentionally  doped  layers  grown 
in  the  multi-wafer  reactor.  Fig.  3  contains  a  SIMS  pro¬ 
file  revealing  no  more  than  mid- 10 14  atoms  cm-3  con¬ 
centrations  of  aluminum  and  boron  impurities,  the 
primary  compensating  p-type  impurities  in  SiC.  The 
aluminum  and  boron  detection  limits  for  these 
measurements  were  approximately  3  x  1013  cm-3  and 
6  x  10 14  cm-3,  respectively.  Room  temperature  mobili¬ 
ties  shown  in  Fig.  4,  as  high  as  1000  cm2  V-1  s-1  com¬ 
pare  favorably  with  material  grown  in  our  single  wafer 
reactor  and  elsewhere  [18]. 

The  average  epitaxial  intrawafer  thickness  and  dop¬ 
ing  uniformities  from  the  multi-wafer  reactor  are  3.8 
and  7.3%,  respectively  at  doping  levels  of  ~1  x  10 16 
cm-3  for  35  mm  diameter  wafers.  As  shown  in  Fig.  5, 
a  superposition  of  the  doping  profiles  at  the  center  of 
seven  wafers  from  a  single  growth  run  reveals  only  7 
and  4%  standard  deviation/mean  for  thickness  and 
doping  respectively.  The  average  wafer-to-wafer  thick¬ 
ness  and  doping  uniformities  from  a  series  of  10 
growth  runs  are  8.6  and  12.5%,  respectively,  at 
~1  x  1016  cm-3.  While  still  requiring  further  improve¬ 
ment,  this  level  of  uniformity  is  sufficient  for  initial 
pilot  line  device  production. 

2.2.  Device  results 

SiC  metal  semiconductor  field  effect  transistors 
(MESFETs)  and  static  induction  transistors  (SITs) 
exploit  SiC’s  high  saturation  velocity,  breakdown  field 
strength  and  thermal  conductivity  for  microwave 
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Fig.  2.  Planetary  SiC  VPE  Reactor  capable  of  growth  on  seven  2-inch  wafers  at  a  time.  Inset  contains  a  schematic  of  the  growth 
chamber  consisting  of,  (a)  susceptor,  (b)  satellites  (wafer  holders),  (c)  injection  nozzle  and  (d)  ceiling. 


power  amplification.  Physics  based  modeling  predicts 
over  12  dB  of  gain  can  be  achieved  at  Ku-band  (18 
GHz)  with  0.25  pm-gate  4H-SiC  MESFETs  [19].  Due 
to  GaN’s  higher  saturation  velocity  and  mobility 
GaN/AlGaN  modulation  doped  field  effect  transistors 
(MODFETs)  have  demonstrated  cut-off  frequencies  in 
excess  of  97  GHz  promising  millimeter  wave  appli¬ 
cations  [20]. 

2.2.1.  SiC  MESFETs 

4H-SiC  MESFETs  with  SiC- VPE  active  layers  and 
semi-insulating  SiC  substrates  have  been  fabricated  as 
reported  previously  [21].  In  this  process,  reactive  ion 
etching  (RIE)  was  used  for  mesa  isolation  and  channel 
recessing.  Ni,  sintered  using  rapid  thermal  annealing 
(RTA)  is  employed  as  the  ohmic  source  and  drain 
metal.  A  multi-layer  metal  system  is  used  for  gates 
with  Au  as  the  top  layer  to  reduce  gate  resistance.  The 
gate  length  was  ~0.5  pm  and  the  gate-source  and  gate- 


o? 


Fig.  3.  SIMS  measurement  showing  low  aluminum  and  boron 
concentrations. 


drain  spacings  were  ~0.5  and  ~1  pm,  respectively.  Air 
bridges  were  used  to  interconnect  the  source  fingers 
(Fig.  6).  Devices  up  to  6.4  mm  total  gate  width  have 
been  fabricated  using  this  process.  The  1.92  mm  gate 
periphery  SiC  MESFET,  whose  microwave  power  per¬ 
formance  is  shown  in  Fig.  7,  exhibited  cut-off  frequen¬ 
cies  of  42  GHz.  This  device  achieved  6.2  W  of  pulsed 
power  at  X-band  with  over  50%  drain  efficiency. [22] 
The  power  density  of  3.3  W  mm-1  is  more  than  six 
times  higher  than  that  typically  obtained  with  GaAs 
MESFETs  at  this  frequency.  At  S-band,  a  42  mm  per¬ 
iphery  4  H-SiC  MESFET  recently  produced  a  CW 
output  power  of  53  W  [23]. 


2.2.2.  SiC  SITs 

Static  induction  transistors  (SITs)  are  a  class  of  tran¬ 
sistor  with  a  short  channel  FET  structure  in  which  a 
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Fig.  5.  An  overlay  of  the  carrier  concentration  profiles 
obtained  from  the  center  of  seven  wafers  grown  in  the  same 
growth  run. 

current  travelling  vertically  between  source  and  drain 
is  controlled  by  the  height  of  an  electrostatically 
induced  potential  barrier  under  the  source  (Fig.  8)  [24]. 
Analogous  to  a  vacuum  triode  both  the  gate  (grid)  and 
the  drain  (anode)  voltage  affect  the  drain  current.  Due 
to  the  enormous  power  densities  achievable  in  a  SiC 
SIT,  they  are  ideal  for  pulsed  power  applications  such 
as  in  radar  transmitters.  SiC  SITs  with  4  GHz  cut-off 
frequencies  have  been  developed  from  VHF  through  S- 
band,  exhibiting  over  four  times  the  power  density  of 
silicon  power  transistors  at  S-band  [25].  300  W  of 
power  has  been  obtained  from  a  32  cm  periphery  SIT 
as  shown  in  Fig.  9. 


2.2.3.  GaN  devices 

The  recent  demonstration  of  room-temperature,  CW 
operation  of  blue  laser  diodes  [4],  only  two  years  after 
the  first  demonstration  of  laser  action  in  this  materials 
system,  is  representative  of  the  extremely  rapid  pace  of 


Fig.  6.  SEM  photgraph  of  an  air-bridged,  0,5pm  gate-length, 
4H-SiC  MESFET. 


Fig.  7.  4H-SiC,  0.5  pm  gate-length  MESFET  with  6.2  W  out¬ 
put  power  at  X-band. 


development  in  GaN.  Using  active  layers  provided  by 
Professor  Bob  Davis  of  North  Carolina  State 
University,  we  have  fabricated  0.25  pm  gate-length 
GaN  MODFETs  with  cut-off  frequencies  of  80  GHz. 
The  0.96  mm  gate- width  MODFET  shown  in  Fig.  10 
produces  over  2  W  of  power  at  X-band.  Recently  a 
larger,  2  mm  periphery,  GaN/AlGaN  HEMT  is 
reported  to  have  produced  4  W  of  CW  power  at  X- 
band.[26]  Smaller,  100  pm,  gate  width  devices  exhibit 
over  3  W  mm“!  at  18  GHz  [27].  Despite  these  promis¬ 
ing  results,  GaN  devices  do  not  yet  consistently  pro¬ 
duce  the  RF  power  densities  predicted  by  their  DC 
power  triangles.  They  can  also  exhibit  drain  current 
drift  and  light  sensitivity.  These,  undesirable  traits, 
however,  were  also  exhibited  by  early  GaAs  devices. 
They  were  successfully  eliminated  by  refinements  in 
active  layer  formation,  passivation  and  device  design. 
We  are  currently  investigating  these  approaches  in 
order  to  improve  our  GaN  devices. 


drain 

Fig.  8.  Schematic  of  a  SiC-SIT. 
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Fig.  9.  4H-SiC  32  cm  periphery  SIT  producing  300  W  at  S- 
band  with  45%  drain  efficiency. 
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Fig.  10.  0.96  mm  AlGaN  MODFET  shows  >2  W  output 
power  at  10  GHz. 


3.  Conclusions 

Recent  developments  in  wide  bandgap  SiC  and  GaN 
semiconductor  materials  (and  processing)  have  resulted 
in  new  microelectronic  and  optoelectronic  devices. 
These  devices  have  already  demonstrated  previously 
unobtainable  functionality  and  levels  of  performance. 
In  particular,  high-power  microwave  devices  have 
exhibited  over  four  times  the  power  density  of  conven¬ 
tional  Si  and  GaAs  semiconductor  devices.  Further 
advances  in  wide  bandgap  semiconductor  materials 
and  processes  will  result  in  the  insertion  of  wide  band- 
gap  semiconductor  devices  into  advanced  microelec¬ 
tronic  and  optoelectronic  products. 
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Abstract 

Metal-oxide-semiconductor  field  effect  transistors  (MOSFETs)  with  a  surface  p-channel  have  been  fabricated  on 
hydrogen-terminated  diamond  (001)  surfaces  without  doping.  The  maximum  transconductance  of  the  device  with 
the  gate  length  of  6  pm  is  16  mS/mm,  which  is  the  highest  in  diamond  MOSFETs  and  comparable  to  that  of  silicon 
n -channel  MOSFET  with  the  same  gate  length.  The  relatively  high  transconductance  is  due  to  the  low  density  of 
surface  states  on  hydrogen-terminated  diamond.  The  diamond  MOSFETs  operate  at  the  temperatures  of  up  to 
330°C  in  air  without  any  passivation  of  the  device  surfaces.  ©  1999  Published  by  Elsevier  Science  Ltd.  All  rights 
reserved. 


1.  Introduction 

Diamond  field  effect  transistors  (FETs)  were  demon¬ 
strated  for  the  first  time  using  oxygen-terminated  sur¬ 
faces  and  boron  doped  substrates  [1-3].  Although  high 
temperature  operation  at  500°C  was  exhibited  [4],  the 
current  drive  capability  of  the  diamond  devices  was 
much  lower  than  that  of  silicon  FETs  [4].  Using  the 
surface  p-type  semiconductive  layer  of  hydrogen-termi¬ 
nated  diamond,  a  new  type  of  metal-semiconductor 
FETs  (MESFET)  was  developed  [5]  and  the  perform¬ 
ance  of  the  MESFET  was  improved  by  device  isolation 
[6].  Recently,  the  E/D  type  logic  circuit  on  diamond 
was  demonstrated  for  the  first  time  [7]  and  a  high 
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power  handling  capability  was  also  exhibited  [8].  The 
problem  in  the  operation  of  the  MESFETs  is  a  rela¬ 
tively  high  saturation  voltage  due  to  the  gate  leakage 
current  at  negative  gate  bias  (forward  bias),  because 
the  gate  is  not  electrically  isolated.  To  overcome  this 
difficulty,  the  metal-oxide-semiconductor  (MOS)  struc¬ 
ture  is  necessary. 

In  the  MOSFETs  fabricated  on  boron-doped  chan¬ 
nels  with  oxygen-terminated  surface,  the  maximum 
transconductance  of  2  pm  gate  FETs  is  limited  to 
around  0.1  mS/mm  at  room  temperature  and  1  mS/ 
mm  at  450°C  [4].  It  is  not  only  due  to  the  deep  accep¬ 
tor  level  (0.37  eV)  of  boron,  but  also  due  to  the  surface 
states  probably  originated  from  the  oxygen-terminated 
surface  [9],  which  disturb  the  control  of  the  drain  cur¬ 
rent  by  the  gate  voltage.  On  the  hydrogen-terminated 
surface,  however,  metal-dependent  Schottky  barrier 
heights  have  been  measured  [10]  indicating  that  the 
density  of  the  detrimental  surface  states  is  very  low. 
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Hydrogen-terminated  diamond  (001) 
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fabrication 
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Fig.  1.  Schematic  cross  section  of  the  MOSFET  fabrication 
process,  (a)  Au  deposition  on  hydrogen  terminated  (001)  sur¬ 
face.  (b)  Ar  ion  irradiation  to  the  surface,  where  the  surface 
conduction  was  lost  and  a  highly  resistive  layer  (hatched  sur¬ 
face)  was  formed.  Under  Au,  the  surface  conduction 
remained,  (c)  Chemical  etching  of  Au  by  KI  to  fabricate  a 
source,  a  drain,  and  a  channel  region,  (d)  Successive  depo¬ 
sition  of  SiOv  (gate  oxide)  and  gate  electrode  by  vacuum 
evaporation,  (e)  MOSFET  structure  fabrication  by  lift-off. 


Since  the  surface  semiconductive  layer  associated  with 
hydrogen-termination  is  very  thin,  a  planar  MOS 
diode  structure  can  not  be  assumed.  A  quantitative 
analysis  of  the  surface  state  density  is  difficult  as  a 
result.  On  the  other  hand,  the  thin  layered  structure  is 
suitable  for  the  MOSFET  operation.  In  this  work  we 
qualitatively  characterize  the  effect  of  surface  states  on 
the  MOSFETs  without  sacrificing  the  advantages  of 
hydrogen-terminated  surface  such  as  the  low  density  of 
surface  states  and  the  high  channel  conductance.  The 
temperature  stability  of  the  devices  is  also  investigated. 
The  preliminary  result  has  been  shortly  reported  in 
Ref.  [11]. 


2.  Experimental 

Homoepitaxial  diamond  was  deposited  on  high- 
pressure-synthetic  type  lb  diamond  (001)  using  micro- 
wave  plasma-assisted  chemical  vapor  deposition 


50^  m 


Fig.  2.  Optical  micrograph  of  the  diamond  MOSFET  of  Pb 
gate  with  gate  length  Lg  =  6  pm  and  gate  width  Wg  =  49  pm. 
The  insulator  is  SiOv  with  thickness  of  20-30  nm. 


(MPCVD).  The  reaction  gases  were  CH4  (2.25%)/02 
(0.75%)  diluted  with  H2.  A  dopant  gas  such  as  a 
boron-containing  gas  was  not  used.  The  deposition 
was  completed  with  pure  hydrogen  plasma  for  2-3  min 
followed  by  cooling  in  pure  hydrogen  ambient.  The  as- 
grown  homoepitaxial  diamond  without  doping  showed 
p-type  surface  conduction.  Since  the  valence  band  is 
bent  upward  in  the  surface  region,  the  p-type  layer  can 
be  used  as  a  channel  in  the  FET  structure. 

The  basic  fabrication  steps  of  the  self-aligned  insu¬ 
lating  gate  device  are  shown  in  Fig.  1.  Au  was  depos¬ 
ited  and  patterned  in  rectangle  (Fig.  1(a)).  The  Au 
contacts  showed  ohmic  on  the  hydrogen  terminated 
surfaces  with  the  surface  conductive  layer  and  were 
used  as  the  ohmic  contacts  for  source  and  drain  later 
in  the  present  fabrication  process.  The  device  isolation 
was  then  carried  out  by  insulating  the  surface  p-type 
layer  with  the  exposure  of  Ar+  ions,  where  Au  works 
as  a  stopping  mask  of  Ar+  ions.  The  surface  p-type 
layer  was  restricted  to  the  region  under  the  Au  contact 
(Fig.  1(b)).  The  center  of  the  Au  rectangle  was  selec¬ 
tively  etched  by  potassium  iodide  (KI)  to  form  a 
source,  a  drain  (two  separated  Au  contacts),  and  a 
channel  (bared  hydrogen-terminated  surface)  (Fig. 
1(c)).  On  the  channel,  silicon  monoxide  (SiO)  and 
metal  were  successively  deposited  using  a  vacuum 
evaporator  (Fig.  1(d)).  The  gate  insulator  and  gate 
metal  were  self-aligned  with  the  source  and  drain 
(ohmic  contacts)  through  overhanging  photo  resist. 
Finally  the  self-aligned  MOSFET  was  completed  by 
the  lift-off  method  (Fig.  1(e)).  The  undercut  of  the  Au 
beneath  the  photo  resist  defines  the  separation  dis¬ 
tances  between  a  gate  and  Au  ohmic  contacts.  The  aim 
of  a  self-aligned-gate  process  is  to  reduce  the  high 
parasitic  source  and  drain  resistance.  Fig.  2  shows  an 
optical  micrograph  of  the  fabricated  MOSFET.  The 
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(b)  Vds[V] 


Fig.  3.  Room  temperature  7ds-Fds  characteristics  of  diamond 
MOSFETs  using  the  SiOA  as  insulator  and  the  surface  con¬ 
ductive  layer  as  channel,  (a)  Pb  gate  with  Lg  =  6  pm  and 
Wg  —  49  pm  on  the  SiOA-  with  20-30  nm  in  thickness.  The 
transconductance  gm  is  16  mS/mm.  (b)  A1  gate  with 
Lg  =  2.5  pm  and  Wg  =  60  pm  on  the  SiOA  with  20-30  nm  in 
thickness.  The  gm  is  17  mS/mm.  (c)  Au  gate  with  Lg  =  7  pm 
and  l¥g  =  60  pm  on  the  SiOv  with  70  nm  in  thickness.  The  gm 
is  6.5  mS/mm. 


layered  structure  for  a  MOSFET  consists  of  SiOY  and 
surface  conductive  layer  under  the  gate. 

The  gate  insulator  was  made  by  thermal  evaporation 
of  SiO.  Since  SiO  has  a  property  of  sublimation,  the 
deposition  of  insulator  at  room  temperature  and  the 
formation  of  it  without  destroying  the  surface  conduc¬ 
tive  layer  (active  region)  is  feasible.  Considering  the 
vacuum  level  of  4  x  1(T6  Torr  in  the  chamber  during 
SiO  evaporation,  the  deposited  insulator  might  be  SiOA 
(1  <  x  <  2).  From  Rutherford  backscattering  measure¬ 
ment,  x  (the  ratio  of  O/Si)  is  estimated  to  be  more 
than  1.5,  where  the  insulating  property  can  be  expected 
[12].  The  formation  of  SiO.Y  does  not  make  any  change 
in  the  conductivity  of  active  channel.  The  hydrogen- 
termination  on  the  diamond  surface  has  been  preserved 
under  the  SiOY  and  the  Au  contacts. 

We  have  measured  the  typical  drain  current  versus 
voltage  characteristics  for  a  MOSFET  with  a  curve 
tracer  from  room  temperature  up  to  400°C  on  a  probe 
station  with  a  hot  stage. 


3.  Results  and  discussion 

3.1.  Drain  I-V  characteristics 

Drain-to-source  current  voltage  (/ds~Fds)  character¬ 
istics  for  diamond  MOSFETs  measured  at  room  tem¬ 
perature  are  shown  in  Fig.  3,  where  Pb,  A1  and  Au 
were  employed  as  gate  metal,  respectively.  From  all  of 
the  /ds-Fds  characteristics,  it  can  be  seen  that  very 
good  drain  current  saturation  and  pinch-off  are 
achieved  as  the  drain  voltage  increases.  By  means  of 
the  reduction  of  the  gate  leakage  current,  high  current 
drive  was  achieved.  The  Pb  and  A1  gate  MOSFETs 
fabricated  using  a  self-aligned  insulated  gate  process 
exhibited  peak  transconductances  (gm)  of  16-17  mS / 
mm  (Fig.  3  (a),  (b)),  which  are  the  highest  in  diamond 
MOSFETs.  These  are  comparable  values  to  that  of  n- 
channel  Si  MOSFET  with  the  equivalent  gate  length. 
The  transconductance  of  the  diamond  MOSFETs  is  as 
high  as  that  of  the  MESFET  [7,8,13]  indicating  that 
the  density  of  surface  states  at  the  SiOA-/diamond  inter¬ 
face  is  very  low.  The  effect  of  hydrogen-termination 
can  be  preserved  after  the  oxide  deposition. 

At  Fgs  =  0  V  in  Fig.  3,  all  the  corresponding  /DS  is 
not  pinched  off  indicating  normally  on  (depletion 
mode)  operation.  The  threshold  voltages  (Fths)  of  Pb, 
Al,  and  Au  gates  in  Fig.  3  are  0.8  1.4,  and  2.8  V,  re¬ 
spectively.  The  Vth  trend  reflects  a  qualitative  change 
on  p-type  channel  as  a  function  of  metal  work  func¬ 
tion,  but  is  not  precisely  fitted.  These  Fth  values  are 
also  influenced  by  the  effective  oxide  thickness  and  the 
residual  charges  in  oxide. 

The  /ds-Fds  characteristics  of  Au  gate  MOSFET 
(Fig.  3(c))  certificates  that  the  current  control  of  tran- 
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sistor  is  not  based  on  metal  contact  (Schottky)  gate 
through  voids  of  SiOY  films  even  if  present,  because 
Au  makes  ohmic  contacts  on  the  hydrogen-terminated 
surface  [14].  Fig.  4  is  the  current-voltage  character¬ 
istics  between  respective  electrodes  (gate,  source,  and 
drain)  of  a  MOSFET.  When  SiO.Y  is  inserted  between 
a  gate  electrode  and  the  surface  p-type  layer  of  dia¬ 
mond,  the  current  is  completely  cut  off  by  the  insulator 
(SiOY).  The  blocking  of  applied  voltage  by  the  SiOA  is 
up  to  200  V,  indicating  the  breakdown  field  strengths 
of  more  than  2  x  107  V/cm.  It  is  comparable  to  the 
breakdown  field  strengths  of  thermally  oxidized  Si02. 

From  MOSFET  device  simulation  using  a  drift  and 
diffusion  model,  acceptor  and  hole  depth  profiles 
hardly  identified  in  experiments  can  be  estimated  [11]. 
Fig.  5  shows  the  two  examples  of  the  in-depth  profile 
of  acceptors  with  equivalent  surface  concentration 
(1  x  1013  cm-2)  and  corresponding  hole  distribution. 
One  is  diffused  acceptors  expressed  in  gaussian  func¬ 
tion  with  diffusion  length  of  10  nm  and  the  other  is 
surface  acceptors.  Higher  transconductance  and  better 
correspondence  of  /ds-Fds  characteristics  of 
MOSFET  to  the  experimental  values  as  shown  in  Fig. 
2  can  be  obtained  in  shallower  acceptor  distribution 
less  than  1  nm  in  diffusion  length.  The  surface  accep¬ 
tors,  whose  hole  distribution  is  shown  in  Fig.  5,  repro¬ 
duce  the  /ds^Fds  characteristics  at  best  without  the 
effect  of  surface  state  trapping.  The  depth  of  this  car¬ 
rier  (hole)  distribution  is  very  shallow  and  suitable  for 
the  most  advanced  MOSFETs  with  less  than  50  nm  in 
gate  length  [15]  where  the  junction  depth  of  less  than 
10  nm  is  inevitable  to  sustain  uniform  electric  field 
between  source  and  drain  necessary  for  FET  oper¬ 
ation. 


Fig.  5.  In-depth  profiles  of  two  types  of  acceptor  distribution 
and  corresponding  hole  distribution  used  in  MOSFET  device 
simulation.  One  is  diffused  acceptors  expressed  in  gaussian 
function  with  diffusion  length  of  10  nm  and  the  other  is  sur¬ 
face  acceptors  located  on  the  first  atomic  layer.  The  surface 
concentration  of  the  two  types  of  acceptor  are  equivalent 
(1  x  1013  cm-2). 


3.2.  Surface  channel  properties 

In  the  operation  of  the  FETs,  holes  near  the  surface, 
which  are  produced  by  the  surface  acceptors  [16]  or 
the  diffused  acceptors  near  the  surface  [17],  are  respon¬ 
sible  for  the  p-type  surface  channel.  At  the  drain  side 
of  the  channel  where  channel  potential  is  lower  than 
gate  potential,  i.e.,  a  negative  charge  is  induced,  the 
acceptors  are  fully  ionized  (negative)  and  the  holes 
(positive)  are  depleted  to  form  a  pinch-off  region  (Fig. 
6). 

The  channel  mobility  can  be  estimated  by  the  fol¬ 
lowing  relationship  in  the  slope  S  of  the  linear  region 
in  the  /DS-  KDS  characteristics, 

S  =  ppC0XVDSZ/L  (1) 

where  pp  is  the  channel  hole  mobility,  Cox  is  the  SiOA 
capacitance  per  unit  area,  and  Z  and  L  are  the  gate 
width  and  length,  respectively.  From  the  linear  region 
of  Eds" ”1-0  or  -2.0  V  in  Fig.  3(a),  the  channel 
mobility  is  calculated  to  be  120  cm2/V  s  by  the  above 
equation  on  the  condition  that  the  SiOA-  thickness  is 
30  nm  and  the  dielectric  constant  of  SiOA-  is  equal  to 
that  of  Si02  (3.9).  Since  the  channel  mobility  was  eval¬ 
uated  in  the  small  drain  voltage  and  the  large  gate  vol¬ 
tage,  the  distribution  of  holes  in  the  surface  channel  is 
deeper  than  that  in  the  surface  conductive  layer  with¬ 
out  gate  bias.  In  the  thicker  channel,  the  obtained 
channel  mobility  can  be  estimated  to  be  higher  than 
the  Hall  mobility  (30-40  cm2/V  s)  [17]  measured  on 
the  surface  p-type  layer  of  an  undoped  homoepitaxial 
film. 

On  the  same  surfaces  as  the  depletion  mode 
MOSFETs  with  Pb  or  Al  gate  shown  in  Fig.  3(a),  (b) 
were  fabricated,  the  MESFETs  with  gate  metals  of  low 
electronegativity  such  as  Pb  or  Al,  operated  in  nor¬ 
mally  off  mode  (enhancement  mode)  [5-8].  The  charge 
transfer  from  the  metals  to  hydrogen-terminated  dia¬ 
mond  is  large  enough  to  ionize  surface  acceptors  or 
acceptors  near  the  surface  without  producing  holes. 
On  the  other  hand,  the  MESFETs  with  gate  metals  of 
higher  electronegativity  such  as  Cu  or  Ni  operated  in 


Fig.  6.  Schematic  cross  section  of  a  MOSFET  using  hydro¬ 
gen-terminated  surface  conductive  layer,  when  the  channel  is 
pinched  off. 
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depletion  mode  [7],  where  the  charge  transfer  is  too 
low  to  deplete  the  surface  holes  completely. 
Considering  that  the  electronegativity  of  oxygen  is 
higher  than  that  of  carbon  (diamond)  and  that  of  Si  is 
the  same  level  as  those  of  Cu  and  Ni,  the  electron 
charge  transfer  from  SiOv  to  hydrogen-terminated  dia¬ 
mond  can  be  hardly  expected.  The  surface  holes  can 
not  be  depleted  and  the  diamond  MOSFETs  with  the 
SiOv  gate  oxide  operate  in  normally  on  mode  (de¬ 
pletion  mode).  The  reduction  of  carrier  concentration 
of  hydrogen  terminated  diamond  surface  is  needed  to 
obtain  the  normally  off  mode  (enhancement  mode)  op¬ 
eration  of  the  diamond  MOSFETs. 

Generally  in  GaAs  MOSFETs,  there  a  problem  in 
the  reduction  of  transconductance  due  to  the  surface 
state  trapping  centers  which  exist  in  the  oxide/GaAs 
interface.  On  the  other  hand,  the  diamond  MOSFETs 
using  hydrogen-terminated  surfaces  exhibit  similar 
transconductance  to  those  of  MESFETs  indicating 
that  the  scarce  density  of  trapping  states  is  achieved 
even  after  the  deposition  of  an  oxide  layer.  This  indi¬ 
cation  is  also  supported  by  no  hysteresis  in  the  /DS- 
Fds  curve  shown  in  Fig.  3(b).  Considering  that,  in  the 
deep  depletion  mode  GaAs  MOSFETs,  the  degra¬ 
dation  of  transconductance  due  to  the  surface  states 
become  prominent  above  1011  cm-2  eV-1  [18],  the  sur¬ 
face  states  density  of  hydrogen-terminated  diamond  is 
expected  to  be  lower  than  this  value.  The  low  trapping 
density  suggested  by  the  strong  dependence  of 
Schottky  barrier  height  (SBH)  on  the  metal  electrone¬ 
gativity  [14]  is  also  realized  under  the  oxide  deposition 
using  SiO  evaporation. 

3  .5.  High  temperature  operations 

The  temperature  dependence  of  the  MOSFET  oper¬ 
ation  has  been  measured  from  room  temperature  to 
400 °C  in  air  without  passivation.  The  /Ds-FDs  charac¬ 
teristic  of  the  fabricated  Au  gate  MOSFET  operating 
at  an  ambient  temperature  of  300°C  in  air  is  shown  in 
Fig.  7.  It  shows  a  good  characteristic  with  low  leakage 
and  clearly  defined  saturation  and  pinch-off.  Figure  8 
shows  the  temperature  variation  of  the  transconduc¬ 
tances  of  the  Au  gate  MOSFET.  At  room  temperature, 
the  transconductance  of  the  device  was  4  mS/mm.  The 
relatively  low  transconductance  was  due  to  the  thick 
gate  oxide  (70  nm  in  thickness)  and  the  lower  conduc¬ 
tivity  of  the  surface  p-type  layer  compared  with  that  of 
the  FET  shown  in  Fig.  2.  The  transconductance  is 
almost  constant  until  330°C.  The  result  is  consistent 
with  the  temperature  independence  of  the  carrier  con¬ 
centration  obtained  by  the  Hall  measurement  [17]. 
Above  350°C,  the  device  operation  has  been  degraded 
because  of  the  reduction  of  the  surface  conduction  by 
oxidation  [15].  In  order  to  obtain  the  operation  at 
higher  temperatures,  the  passivation  of  the  hydrogen- 
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Fig.  7.  /ds-Fds  characteristics  of  Au  gate  MOSFETs  at 
300°C  using  the  SiOY  as  insulator.  Au  gate  with  Lg  =  7  gm 
and  Wz  =  62  pm  on  the  SiO  v  with  70  nm  in  thickness.  The 
is  2.6  mS/mm. 

terminated  surface  by  a  temperature  resistant  material 
is  required.  Considering  that  the  C — H  bondings  are 
stable  at  least  up  to  600°C  in  ultra  high  vacuum 
(UHV),  the  operation  temperature  is  expected  to  be 
above  500°C  provided  that  a  suitable  passivation  tech¬ 
nology  of  the  active  channel  is  available. 


oo 
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4.  Conclusion 

The  effect  of  hydrogen-termination  reducing  the  sur¬ 
face  states  density  is  maintained  after  the  oxide  depo¬ 
sition  using  the  low-temperature  evaporation  of  SiO.  It 
provides  a  convenient  method  for  the  formation  of  an 
insulating  film  with  good  interface  properties  needed 
for  the  MOSFET  operation  in  diamond.  The  transcon¬ 
ductance  of  MOSFET  with  several  pm  gate  length  is 
17  mS/mm,  which  is  the  highest  in  diamond 


Fig.  8.  Temperature  dependence  of  the  transconductance  gm 
of  the  Au  gate  MOSFET  shown  in  Fig.  7.  The  gm  of  the  FET 
is  4  mS/mm  at  room  temperature. 
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MOSFETs  and  is  comparable  to  the  best  diamond 
MESFETs  [8,13]  using  the  equivalent  surface  p-type 
conductive  layer.  The  /Ds~^ds  characteristics  of  the 
FET  were  improved  by  means  of  the  reduction  of  the 
gate  leakage  current  in  the  MOS  structure.  The  stable 
transistor  operation  with  almost  constant  transconduc¬ 
tance  has  been  observed  up  to  330°C  without  the  pas¬ 
sivation  of  surfaces.  The  MOSFETs  on  the  surface  p- 
type  conductive  layer  is  already  equipped  with  a  very 
shallow  junction  structure  necessary  for  very  short  gate 
length,  e.g.,  50  nm.  Micro  fabrication  technology  such 
as  small  gate  length  and  thin  insulator  for  hydrogen- 
terminated  diamond  surfaces  will  open  a  new  field  of 
nm  structure  device. 
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Abstract 

In  order  to  gain  a  better  understanding  of  the  role  that  GaN  MODFET  technology  will  play  in  future  generation 
radar  and  communications  systems,  a  comparison  of  the  state-of-the-art  performance  of  alternative  microwave 
power  technologies  will  be  reviewed.  The  relative  advantages  and  limitations  of  each  technology  will  be  discussed  in 
relation  to  system  needs.  Device  results  from  recent  MBE-grown  GaN  MODFETs  will  also  be  presented.  In 
particular,  0.25  pm  gate  GaN  MODFETs  grown  by  MBE  have  been  shown  to  exhibit  less  than  5%  variation  in 
maximum  drain  current  density  (/dmax)  from  the  center  to  the  edge  of  a  2  inch  wafer.  This  level  of  uniformity  is  a 
substantially  higher  than  that  normally  found  in  MOCVD-grown  GaN  devices  (-28%  variation).  In  addition, 
evidence  is  also  presented  to  demonstrate  the  excellent  reproducibility  of  MBE-grown  GaN  MODFETs.  ©  1999 
Published  by  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Comparison  of  GaN  MODFET  and  other  RF  power 
technologies 

The  recent  rapid  progress  in  GaN  MODFET  tech¬ 
nology  provides  clear  convincing  evidence  that  it  has 
the  potential  to  revolutionize  the  field  of  microwave 
power  electronics.  Consequently,  this  swiftly  evolving 
technology  will  likely  have  a  dramatic  impact  on  a 
wide  range  of  systems  such  as  future  generation  radar 
and  satellite  communications  systems.  In  order  to 
understand  the  intrinsic  advantages  of  GaN  MODFET 
technology  for  microwave  power  electronic  appli¬ 
cations,  it  is  extremely  useful  to  compare  the  existing 
performance  of  this  technology  with  alternative  RF 
technologies  over  the  frequency  band  from  a  few  hun¬ 
dred  MHz  up  to  20  GHz. 

The  most  important  advantage  of  GaN  MODFET 
technology  is  its  extremely  high  RF  power  densities,  as 
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measured  in  Watts  per  millimeter  of  FET  gate  periph¬ 
ery  (i.e.  gate  width),  with  that  of  alternative  RF  power 
technologies.  Fig.  1  [1-19]  shows  such  a  comparison 
over  the  frequency  band  from  less  than  1  up  to  20 
GHz.  Note  that  the  results  for  each  technology  have 
been  grouped  as  an  aid  for  comparison  only.  For 
pHEMT  technology,  which  is  currently  being  used  in  a 
number  of  microwave  power  applications  such  as 
active  array  radar  T/R  modules,  the  typical  power  den¬ 
sity  for  these  devices  is  approximately  0.5  W/mm  over 
a  broad  range  of  frequencies.  By  stark  comparison,  the 
power  density  of  GaN  MODFET  technology  ranges 
from  4  to  14x  larger  than  pHEMTs.  In  particular, 
GaN  MODFETs  have  been  demonstrated  with  RF 
power  densities  of  6.8  and  3.3  Watts/mm  at  10  and  18 
GHz,  respectively  [16-19].  Both  of  these  values  rep¬ 
resent  the  highest  power  densities  ever  reported  at 
these  frequencies  for  any  FET  technology. 

Fig.  1  also  shows  that  SiC  MESFET  technology 
exhibits  CW  and  pulsed  RF  power  densities  from  1.0 
W/mm  up  to  approximately  3.3  W/mm.  These  power 
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Fig.  1.  Comparison  of  the  RF  power  densities  of  a  GaN  MODFETs  and  a  number  of  alternative  power  technologies  at  frequencies 
up  to  20  GHz. 


densities  are  substantially  lower  than  the  highest  values 
reported  for  GaN  MODFETs  at  a  given  frequency.  In 
addition,  these  SiC  MESFET  power  densities  have 
only  been  demonstrated  up  to  frequencies  of  1.8  and 


10  GHz  for  CW  and  pulsed  operation,  respectively.  By 
comparison,  CW  operations  of  GaN  MODFETs  have 
been  demonstrated  with  3.3  W/mm  up  to  18  GHz.  The 
power  density  advantage  of  GaN  MODFETs  com- 
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Fig.  2.  Comparison  of  the  RF  output  power  for  GaN  MODFETs  and  a  number  of  alternative  power  technologies  for  frequencies 
up  to  20  GHz. 
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pared  with  SiC  MESFETs  at  frequencies  above  10 
GHz  are  due  in  large  part  to  the  modulation  doping 
and  the  resultant  improved  transport  in  the  GaN 
devices. 

The  total  RF  output  power  of  GaN  MODFETs 
however  is  still  somewhat  lower  than  other  alternative 
RF  power  technologies  as  shown  in  Fig.  2  [1-19]. 
Again,  please  note  that  the  results  for  each  technology 
have  been  grouped  as  an  aid  for  comparison  only.  At 
low  frequency  (<1.0  GHz),  SiC  SITs  and  Si-based 
LDMOS  dominate  the  RF  power  output  performance 
comparison  with  values  from  just  under  100  Watts  up 
to  1000  W  [7,9].  Up  to  3.0  GHz,  large  gate  periphery 
SiC  MESFETs  have  been  demonstrated  with  RF  out¬ 
put  powers  up  to  53  W  under  CW  operation  [20]. 
Under  pulsed  operation,  SiC  MESFETs  with  output 
powers  of  over  6  W  at  10  GHz.  In  comparison,  the 
highest  RF  output  powers  demonstrated  by  different 
groups  for  GaN  MODFET  devices  is  3.1  and  4.0  W  at 
4.0  and  10.0  GHz,  respectively  [14,18,19]. 

The  reason  for  this  apparent  disparity  is  due,  in 
large  part,  to  the  relative  immaturity  of  GaN 
MODFET  microwave  power  technology.  Until 
recently,  most  of  the  power  measurement  reported  for 
this  technology  have  been  carried  out  using  devices 
with  gate  peripheries  of  a  few  tenths  of  a  millimeter. 
This  situation  is  changing  rapidly,  however,  as  GaN 
MODFETs  are  beginning  to  be  fabricated  with  gate 
peripheries  of  up  to  2  mm  and  even  higher.  This  scal¬ 
ing  up  process,  however,  will  also  undoubtedly  intro¬ 
duce  an  entire  new  set  of  challenges  and  issues  that 
will  need  to  be  addressed. 


2.  Thermal  management 

One  issue  that  needs  to  be  addressed,  in  particular, 
is  the  apparent  decrease  in  actual  RF  power  density 
that  is  observed  as  the  gate  periphery  is  increased 
[17,18].  This  phenomenon  is  most  likely  due  to  thermal 
effects  or  GaN  MODFET  device/material  nonunifor¬ 
mity  across  a  multi-finger  device,  or  some  combination 
of  these  factors.  Thermal  management  of  these  high 
power  GaN  MODFETs  can  be  addressed  by  using 
high  thermal  conductivity  SiC  substrates  instead  of 
Sapphire  substrates  for  the  GaN  MODFETs.  The  ther¬ 
mal  conductivity  of  SiC  is  3.8  W/(K  cm),  which  is 
almost  as  high  as  that  of  copper,  in  contrast  to  a  value 
of  approximately  0.4  W/(K  cm)  for  sapphire.  If  the 
device  and  circuit  topology  is  such  that  the  self-gener¬ 
ated  heat  is  to  be  removed  through  the  substrate,  SiC 
is  the  best  substrate  for  high  power  GaN  devices. 
Furthermore,  because  of  the  smaller  lattice  mismatch 
with  GaN,  SiC  is  also  a  superior  substrate  for  device 
heteroepitaxy.  The  best  GaN-based  FET  performance 
is  achieved  when  grown  on  SiC  substrates.  Most 


Fig.  3.  SEM  micrograph  of  a  multi-finger  device  with  30  pm 
thick  Au  heat-spreader. 


notable  is  the  recent  result  from  Cree  Research  [19].  In 
this  work,  Sheppard  and  co-workers  demonstrated  a 
record  power  density  of  6.8  W/mm  with  52.4%  power- 
added-efficiency  (PAE)  at  10  GHz.  The  major  disad¬ 
vantages  of  using  SiC  as  a  substrate  are  the  high  cost 
and  small  wafer  size.  Since  these  are  current  limi¬ 
tations,  presumably  influenced  by  economic  concerns 
rather  than  fundamental  difficulties,  we  believe  this 
approach  will  be  an  important  one  in  the  development 
of  GaN  high  power  electronics. 

Alternatively,  there  are  a  number  of  heat-spreader/ 
flip-chip  thermal  management  approaches  that  effec¬ 
tively  take  the  heat  out  of  the  device  through  the 
source  and/or  drain  contacts  [18,20,21].  The  approach 
at  HRL  is  a  combination  of  (i)  lateral  heat  spreading 
from  the  active  area  of  the  device  to  a  larger  dice  area 
using  a  thick  Au  heat  spreader  and  (ii)  heat  sinking  by 
flip-chip  mounting  the  device  on  a  ceramic  AIN  sub¬ 
strate.  We  have  developed  a  fabrication  technique  for 
the  thick  Au  heat  spreader  connecting  the  source  con¬ 
tacts  of  the  individual  fingers.  Fig.  3  is  an  SEM  micro¬ 
graph  of  the  contact  area  and  Au  heat  spreader  for  a 
10-finger  device  fabricated  on  a  sapphire  substrate. 
The  30  pm  thick  Au  plated  air-bridge  provided  a 
ground  plane  as  well  as  a  high  thermal  conductivity 
spreader  to  help  equalize  the  temperature  distribution 
among  the  active  fingers. 


3.  High  uniformity  MBE-grown  GaN  MODFETs 

The  goal  of  achieving  good  across-wafer  uniformity 
of  GaN  MODFET  devices  is  primarily  a  materials 
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Fig.  4.  Transfer  characteristics  of  GaN  MODFETs  with  gate 
peripheries  ranging  from  0.2  to  1  mm  at  FDS=  10  V. 


issue.  In  this  section,  recent  device  results  will  be  pre¬ 
sented  which  indicate  that  MBE-grown  GaN 
MODFETs  exhibit  very  good  across-wafer  uniformity 
and  wafer-to-wafer  reproducibility  in  DC  and  RF 
characteristics.  In  particular  the  maximum  DC  drain 
current  (Idmax)  in  MBE-grown  GaN  MODFETs  varies 
by  less  than  5%  across  a  2-inch  sapphire  wafer  [20]. 
This  is  far  superior  to  MOCVD-grown  GaN 
MODFETs  which  have  been  shown  to  exhibit  /dmax 
uniformity  of  28%  and  higher  across  sapphire  wafer 


samples  that  are  |  of  a  2-inch  wafer  or  even  smaller 

[20]. 

We  have  recently  demonstrated  that  gas-source  mol¬ 
ecular  beam  epitaxy  (GS-MBE)  can  be  used  to  grow 
device  quality  GaN  MODFET  heterostructure  ma¬ 
terials  on  sapphire  substrates  [20,21].  This  GS-MBE 
system  makes  use  of  an  RF-plasma  nitrogen  source 
along  with  solid  source  materials  for  the  group  III  el¬ 
ements  and  the  dopants.  The  details  of  the  MBE 
growth  process,  including  the  actual  MBE-grown  GaN 
MODFET  device  structure  are  presented  elsewhere 
[20-21]. 

The  focus  of  this  section  will  be  on  the  enhanced 
uniformity  and  reproducibility  of  GaN  MODFET 
devices  fabricated  using  GS-MBE.  A  0.25  pm  gate 
length  baseline  fabrication  process  was  utilized  to  fab¬ 
ricate  MBE-grown  GaN  MODFET  devices  with  gate 
peripheries  of  from  0.2  up  to  1  mm.  For  thermal  man¬ 
agement  on  the  wider  devices,  this  process  included  a 
thick  30  pm  thick  Au  heat  spreader.  Measurements  of 
the  DC  and  RF  characteristics  of  these  MBE-grown 
GaN  MODFETs  have  been  carried  out. 

Fig.  4  shows  the  transfer  characteristics  of  0.25  pm 
MBE  GaN  MODFETs  with  gate  peripheries  from  0.2 
up  to  1  mm.  The  drain  bias  for  these  measurements 
was  10  V.  The  transconductance  for  these  devices 
peaked  at  a  value  of  200  mS/mm,  at  a  gate  bias  of  ap¬ 
proximately  -4.0  V.  The  high  value  of  +  2.0  V  for  the 
forward  biased  Schottky  gate  turn-on  voltage  made 


Fig.  5.  Dependence  of  GaN  MODFET  maximum  drain  current  and  current  density  (see  inset)  on  gate  periphery  at  FDS  =  10  V  for 
two  different  wafers. 
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Fig.  6.  Cut-off  frequencies  extrapolated  from  S-parameter  measurements  for  devices  of  varying  gate  peripheries. 


possible  the  relatively  large  gate  voltage  swing  from 
pinch-off  at  —8.0  V  up  to  +3.0  V.  These  devices  also 
exhibited  gate-to-drain  breakdown  voltages  of  approxi¬ 
mately  40  V. 

As  can  be  seen  in  Fig.  5,  the  maximum  drain  current 
in  these  GaN  MODFET  devices  scales  linearly  with 
gate  periphery,  up  to  a  maximum  drain  current  of  700 
mA  for  a  1.0  mm  wide  device.  There  is,  however,  some 
roll-off  in  the  maximum  drain  current  density,  from 
950  mA/mm  for  0.2  mm  device  down  to  700  mA/mm 
for  1.0  mm  device,  as  shown  in  the  inset  in  Fig.  5.  This 
roll-off  may  be  attributed  to  the  higher  thermal  degra¬ 
dation  in  larger  devices,  but  further  studies  are  needed 
to  quantify  this  effect.  Although  these  GaN 
MODFETs  include  the  thick  Au  heat-spreader  to 
extract  heat  from  the  source  contacts,  for  these  dc 
measurements,  the  devices  were  not  flipped  onto  a 
heat-sink  (e.g.  high  thermal  conducting  substrate  AIN). 

S-parameter  measurements  of  the  RF  performance 
of  these  GaN  devices  were  also  carried  out  as  a  func¬ 
tion  of  gate  periphery,  and  the  results  are  shown  in 
Fig.  6.  The  unity-current-gain-cutoff-frequency  (/T)  of 
these  GaN  devices  remained  approximately  constant, 
varying  between  23  to  26  GHz  as  the  gate  periphery 
increased  from  0.2  up  to  1.0  mm.  Although  these 
values  are  lower  than  the  best  reported  GaN 
MODFETs  grown  by  MOCVD  [15],  the  independence 
of  /T  on  gate  widths  is  another  strong  indication  of  the 
uniformity  of  MBE-grown  GaN.  As  the  growth  of 
GaN  materials  by  MBE  mature,  fr  of  MBE-GaN 


MODFETs  is  expected  to  equal  that  currently 
achieved  by  MOCVD.  The  extrapolated  maximum  os¬ 
cillation  frequency  (/max),  on  the  other  hand,  decreased 
from  50  to  30  GHz  with  increasing  gate  periphery 
from  0.4  to  1.0  mm,  respectively.  This  effect  may  be 
associated  with  increasing  parasitic  source  inductance 
for  the  wider  GaN  MODFETs,  and  alternative  device 
design  is  underway  to  address  this  issue. 

Large  signals  measurement  have  been  performed  on 
these  MBE-grown  GaN  MODFETs.  The  power  per¬ 
formance  is  currently  limited  by  the  drain  current  com¬ 
pression  at  microwave  frequencies.  A  similar 
phenomenon  has  been  observed  in  many  devices 
grown  by  MOCVD  [22].  It  has  been  proposed  that  car¬ 
rier  trapping  in  either  the  buffer  or  the  AlGaN  barrier 
layer  or  both  is  responsible  for  this  undesirable  effect. 
We  are  currently  investigating  this  issue. 

4.  Summary 

In  summary,  a  comparison  has  been  presented  of 
the  microwave  power  performance  of  GaN  MODFET 
technology  with  a  number  of  other  mature  and  still- 
developing  power  technologies  including  GaAs-based 
pHEMTs,  SiC  SITs,  SiC  MESFETs  and  others.  From 
a  power  density  perspective,  GaN  MODFETs  rep¬ 
resent  the  obvious  technology  of  choice  over  a  broad 
range  of  frequencies  from  approximately  4.0  up  to  18 
GHz,  and  possibly  higher.  However,  the  total  RF  out- 
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put  power  performance  of  GaN  MODFETs  still  lags 
that  of  pHEMTs  and  even  SiC  MESFETs  due  to  the 
fact  that,  until  recently,  the  focus  has  been  on  rela¬ 
tively  small  gate  periphery  GaN  devices.  Given  the  su¬ 
perior  power  density  of  GaN  MODFET  technology, 
however,  the  total  output  power  of  these  devices 
should  scale  up  with  increasing  gate  periphery  in  the 
future. 

Recent  results  from  MBE-grown  GaN  MODFETs 
with  gate  peripheries  ranging  from  0.2  to  1.0  mm  have 
also  been  presented.  These  devices  exhibited  excellent 
DC  and  small  signal  RF  characteristics,  which  appear 
to  scale  well  with  gate  periphery.  The  1  mm  wide  GaN 
MODFET  produced  a  maximum  drain  current  (/dmax) 
of  700  mA.  In  addition,  the  unity-current-gain-cutoff- 
frequency  for  MBE-grown  GaN  MODFETs  was  25 
GHz  and  did  not  vary  significantly  with  increasing 
gate  periphery.  These  results  indicate  that  MBE  GaN 
MODFETs  can  be  scaled  to  larger  gate  peripheries, 
and  thereby  higher  values  for  the  total  RF  output 
power. 
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Abstract 

The  AlGaN/GaN  material  system  possesses  fundamental  properties  that  make  it  an  ideal  candidate  for  higG 
power  microwave  devices.  This  has  been  known  for  over  30  years,  however,  significant  device  progress  has  only 
come  recently.  This  article  gives  a  summary  of  AlGaN/GaN  electronic  device  progress,  outlines  future  device 
directions,  and  discusses  the  use  of  these  new  devices  in  power  amplifier  circuits.  ©  1999  Elsevier  Science  Ltd.  All 
rights  reserved. 

Keywords:  Gallium  nitride;  AlGaN/GaN;  Microwave  power  devices 


1.  Introduction 

The  potential  of  the  wide  bandgap,  nitride-based, 
semiconductors  (GaN,  AIN,  and  AlGaN)  for  the  re¬ 
alization  of  high  power,  high  frequency  transistors  has 
been  well  documented  [1-3].  This  potential  is  due  to 
the  advantageous  material  properties,  summarized  in 
Table  1,  along  with  the  existence  of  the  AlGaN/GaN 
heterostructure  [4,5].  The  later  allows  modulation  dop¬ 
ing  to  form  a  high  mobility  two  dimensional  electron 
gas  (2DEG)  and,  more  importantly,  the  formation  of 
piezoelectronically  induced  sheet  carriers.  The  piezo¬ 
electric  effect  is  at  least  three  times  stronger  in  these 
materials  than  in  GaAs  (see  values  for  e3i  and  e33  in 
Table  1)  and  contributes  to  the  realization  of  high 
sheet  electron  densities  (up  to  5  x  1013  cm-2  is  pre¬ 
dicted  for  an  AlN/GaN  interface)  in  AlGaN/GaN 
HEMT  [6,7].  Coupling  this  high  sheet  carrier  density 
with  the  high  breakdown  field  of  GaN  yields  predic¬ 
tions  of  microwave  power  densities  greater  then  10  W/ 
mm  at  10  GHz.  This  is  approximately  10  times  higher 
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than  that  achievable  with  a  AlGaAs/GaAs  power 
HEMT.  The  status  of  AlGaN/GaN  HEMTs  is 
reviewed  in  section  2. 

2.  AlGaN/GaN  microwave  transistors 

The  first  reports  of  GaN  based  transistors  were  by 
Khan  et  al.,  with  the  demonstration  of  a  GaN 
MESFET  and  an  AlGaN/GaN  HEMT  [8,9].  Both 
transistors  had  gate  lengths  of  4  pm  with  the 
MESFET  having  a  gm  of  23  mS/mm  and  /DS( max)  of 
~180  mA/mm  (@Kgs  =  0  V,  KDS  =  20  V).  The 
AlGaN/GaN  HEMT  achieved  a  gm  of  28  mS/mm  at 
300  K  (46  mS/mm  at  77  K)  and  /Ds(max)  of  ~50  mA/ 
mm  (@  Kgs  =  0.5  V,  KDS  =  25  Y).  The  HEMT  structure 
had  a  2  DEG  mobility  of  563  cm2/V  s  at  300  K  and 
1517  cm2/V  s  at  77  K.  The  first  microwave  results  were 
published  by  Binari  et  al.,  for  a  GaN  MESFET  with  a 
demonstrated  /t  of  8  GHz  and  a  /max  of  17  GHz  for  a 
gate  length  of  0.7  pm  [10]. 

Since  these  early  results,  significant  improvements 
have  been  made  in  material  quality  and  device  proces- 
sing.  AlGaN/GaN  2DEG  mobilties  up  to  2019  cm 2/V  s 
have  been  reported  for  growth  on  6H-SiC  substrates 
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Table  1 

Summary  of  key  material  parameters  for  AlGaAs/GaAs,  4H  SiC,  and  AlGaN/GaN  transistors  (after  Ref.  [4-6]) 


Metric 

AIGaAs/GaAs 

4H  SiC 

AlGaN/GaN 

Maximum  sheet  electron  density  (cm-2) 

2-3  x  10t2 

N/A 

1-5  x  1013 

Breakdown  field  (V/cm)  (xlO5) 

4 

20 

33 

2D  electron  mobility  (cm2/V  s) 

8500 

N/A 

2000 

Saturated  electron  velocity  (xlO7  cm/s) 

1.0 

2.0 

2.2 

Thermal  conductivity  (W/cm  K) 

0.53 

4.9a 

1  3b 

Piezoelectric  coefficient  (C/m2) 

*31 

0.093 

-0.36 

*33 

-0.185 

0.2 

1.0 

a  This  is  for  undoped  SiC.  Doped  or  SI  SiC  has  a  thermal  conductivity  of  3.3  W/cm  K. 
b  This  is  for  highly  dislocated  GaN.  Theory  predicts  1.7  W/cm  K  for  low  dislocation  material  [25]. 


and  ~1600  cm2/V  s  for  growth  on  sapphire  substrates 
[11].  Small  gate  width  transistors  have  achieved  a  /t  of 
up  to  75  GHz  and  a  /max  of  up  to  140  GHz  [12].  While 
these  small  signal  results  are  impressive,  the  true  test 
of  these  devices  is  their  output  power  at  microwave 
frequencies.  Fig.  1  shows  the  evolution  of  total  output 
power  and  power  density  of  AlGaN/GaN  HEMTs  ver¬ 
sus  time.  The  best  power  density  reported  is  for 
HEMTs  grown  on  a  semi-insulating  4H  SiC  substrate 
with  6.8  W/mm  demonstrated  at  10  GHz  and  4.1  W/ 
mm  at  16  GHz  [13].  Total  power  results  have  also 
been  pushed  up  with  7.6  W  achieved  at  4  GHz  for 
HEMTs  grown  on  sapphire  and  flip-chip  mounted  on 
AIN  carriers  [14].  It  is  notable  that  both  the  total 
power  and  power  density  have  seen  marked  increases 
in  the  last  year  as  more  research  is  shifting  from 
photonic  (LEDs  and  lasers)  to  electronic  applications. 
The  improvements  have  partially  resulted  from  an 
increased  understanding  and  application  of  the  piezo¬ 
electric  effect  at  the  AlGaN/GaN  interface  that  induces 
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Fig.  1.  Total  power  (W)  and  power  density  (W/mm)  for 
AlGaN/GaN  HEMTs  versus  time  of  publication.  The  fre¬ 
quency  of  measurement  is  noted  for  key  results. 


large  sheet  carrier  concentrations  [7],  This  has  resulted 
in  current  densities  up  to  1.6  A/mm  for  a  AlGaN/GaN 
HEMT  with  a  gate  length  of  0.25  jam  [15],  A  compar¬ 
able  AIGaAs/GaAs  HEMT  would  have  a  current  den¬ 
sity  of  ~0.5  A/cm2. 

The  impressive  results  discussed  above  can  be  con¬ 
sidered  ‘hero’  results.  Continued  material  and  device 
improvements  are  needed  to  make  this  material  system 
a  reproducible  and  manufacturability  product. 
Foremost,  trapping  effects  which  cause  current  and 
power  compression  must  be  eliminated  [16,17].  The 
source  of  the  traps  is  under  investigation;  however,  the 
traps  are  likely  due  to  one  of  (or  a  combination  of) 
four  sources:  (1)  surface  states,  (2)  deep  levels  in  the 
AlGaN  barrier,  (3)  states  in  the  highly  defective  low 
temperature  buffer,  and  (4)  states  associated  with  dislo¬ 
cations. 

If  the  traps  are  due  to  surface  states  then  some  of 
the  same  techniques  applied  to  passivating  surfaces  in 
GaAs  and  InP  based  devices  may  be  employed.  These 
include  dielectric  passivation,  undoped  surface  layers, 
or  depleted  p-type  surface  layers.  If  the  traps  are  in  the 
AlGaN  barrier,  this  may  be  minimized  by  improving 
the  growth  conditions  (eliminating  undesirable  back¬ 
ground  impurities  such  as  oxygen  or  DX-like  centers 
with  Si).  If  the  traps  are  due  to  the  low  temperature 
buffer,  this  may  be  reduced  by  proper  device  design 
(e.g.  increasing  the  high  temperature  buffer  thickness). 
To  reduce  detrimental  effects  of  dislocations,  lateral 
epitaxial  overgrowth  (LEO)  may  be  employed  [18-20]. 
LEO  is  a  technique  whereby  dislocation  ‘filtering’  is 
accomplished  by  selective  area  nucleation  and  growth 
followed  by  lateral  growth  over  a  mask.  The  laterally 
overgrown  region  can  have  many  orders-of-magnitude 
lower  density  of  threading  dislocations  than  the  win¬ 
dow  region.  Already  p/n  diodes  fabricated  in  reduced 
dislocation  density  LEO  GaN  have  shown  three  to 
four  orders-of-magnitude  lower  reverse  leakage  current 
than  highly  dislocated  ‘conventional’  material  [21]. 
Work  is  ongoing  in  all  the  above  areas. 
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3.  Future  device  directions 

The  progress  in  field  effect  AlGaN/GaN  transistors 
has  been  impressive  but  these  may  not  meet  the  linear¬ 
ity  requirements  of  future  military  electromagnetic  sys¬ 
tems.  Therefore,  Ill-nitride  based  heterostructure 
bipolar  transistors  (HBTs)  are  now  being  studied  since, 
in  GaAs  and  InP,  HBTs  have  demonstrated  improved 
linearity  over  the  FET  counterpart.  The  first  AlGaN/ 
GaN  HBT  has  been  reported,  however,  the  current 
gain  was  only  3  [22].  The  initial  result  was  limited  by  a 
high  base  resistance  [22].  Key  issues  remain  to  be 
resolved  for  group  Ill-nitride  HBTs.  First  among  these 
is  how  to  overcome  the  high  ionization  energy  of 
p(Mg)-GaN  that  causes  a  high  based  resistance.  A  po¬ 
tential  solution  includes  invoking  the  piezoelectric  field 
to  induce  free  holes  and  thereby  reduce  the  base  resist¬ 
ance.  A  second  concern  is  achieving  sufficiently  long 
minority  carrier  lifetimes  in  the  base  to  realize  good 
current  gain. 


4.  Amplifier  circuit  impacts 

The  material  and  device  parameters  discussed  above 
enable  new  approaches  to  wide  bandwidth  power 
amplifiers.  First,  since  the  characteristic  impedance  of 
the  AlGaN/GaN  transistors  is  roughly  three  times  that 
of  a  similar  size  AlGaAs/GaAs  device,  impedance 
matching  and  power  combining  is  simpler.  Second,  the 
factor  of  three  increase  in  thermal  conductivity  and  the 
factor  of  eight  increase  in  dielectric  breakdown 
strength  for  AlGaN/GaN  compared  to  AlGaAs/GaAs 
enables  high-efficiency,  class  B,  push/pull  amplifier 
architectures.  Class  B  push/pull  high  power  amplifier 
designs  with  AlGaAs/GaAs  transistors  require  a  com¬ 
promise  in  operating  power  or  frequency  to  accommo¬ 
date  the  two  times  higher  breakdown  needed  in  class  B 
over  class  A  circuits  since  the  thermal  and  dielectric 
limits  are  comparable  in  this  material.  This  is  not  the 
case  for  AlGaN/GaN  transistors  which  should  operate 
at  full  power  and  frequency  in  a  class  B  push/pull  de¬ 
sign  [23].  Third,  the  higher  power  density  capability  of 
AlGaN/GaN  allows  narrower  transistor  fingers  (smal¬ 
ler  Wg)  for  the  same  power  level  thereby  reducing  CGS, 
since  CG s  is  proportional  to  Wg.  Reducing  CGs  allows 
a  larger  bandwidth  since  the  upper  frequency  limit 
(/high)  is  given  by: 


1  MURI  teams  are  led  by  U.  Mishra  at  University  of 
California  at  Santa  Barbara  and  L.  Eastman  at  Cornell 
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/high  2nZ0Cas  W 

where  ZQ  is  the  characteristic  load  impedance. 

The  improved  transistor  performance  described 
above  will  significantly  improve  the  bandwidth  of 
amplifiers  incorporating  them,  however,  to  realize  still 
larger  bandwidths,  new  circuit  approaches  are  also 
required.  While  traditional  matching  networks  are 
effective  at  single  frequencies,  distributed  approaches 
or  traveling  wave  designs  will  be  needed  to  achieve 
multi-octave  bandwidths.  In  these  approaches,  how¬ 
ever,  care  must  be  taken  to  not  to  loose  efficiency  via 
backward  wave  propagation.  Furthermore,  the  appli¬ 
cation  of  analog  circuit  design  approaches  to  micro- 
wave  circuits  will  enable  conversion  of  /-limited 
lumped  element  circuits  to  /max- limited  distributed  de¬ 
signs  [24].  This  area  is  the  focus  of  a  Multidisciplinary 
University  Research  Initiative  (MURI)  managed  by 
the  Office  of  Naval  Research1. 


5.  Conclusions 

Rapid  progress  in  group  Ill-nitride  material  has 
enabled  impressive  demonstrations  of  high  power  and 
high  frequency  field  effect  transistors.  While  further 
work  is  needed  to  improve  repeatability  and  scalability, 
the  results  show  the  clear  potential  of  these  materials 
for  high  power  amplifiers.  Future  work  will  involve  the 
study  of  HBTs  in  this  system  to  explore  the  potential 
for  improved  linearity.  Moreover,  the  true  utility  will 
be  seen  when  these  devices  are  used  to  enable  wide 
bandwidth  solid  state  power  amplifiers. 
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Abstract 

In  view  of  applications  to  FETs,  an  attempt  was  made  to  characterize  and  optimize  vacuum  deposition-based 
formation  processes  of  Schottky  and  ohmic  contacts  on  «-type  GaN.  Detailed  I-V  and  XPS  measurements  were 
made,  changing  surface  treatments  and  metal  species.  Pre-deposition  surface  treatments  were  found  to  be  crucial  to 
obtain  good  electrical  characteristics.  Au  Schottky  contacts  formed  on  warm  NH4OH  treated  surfaces  showed 
nearly  ideal  thermionic-emission  I-V  characteristics  with  a  highest  Schottky  barrier  height  of  1.03  eV.  For  ohmic 
contacts,  Ti/Al  contacts  were  investigated,  using  the  circular  transmission  line  model  (TLM)  method.  Excellent 
ohmic  characteristics  with  a  minimum  contact  resistance  of  5-8  x  10-5  Q  cm-2  were  obtained  by  annealing  at 
600°C  for  1  min  in  N2  atmosphere.  Finally,  narrow  ring  Au  Schottky  gates  with  Ti/Al  ohmic  electrodes  were 
successfully  fabricated,  demonstrating  applicability  of  the  present  contact  formation  processes  for  FET 
applications.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

The  GaN-based  material  system  is  of  great  interest, 
not  only  for  recently  reported  high-efficiency  blue/ 
green  light  emitting  diodes  (LEDs)  and  laser  diodes 
(LDs),  but  also  for  realization  of  devices  for  high  tem¬ 
perature  electronics  and  high  power  microwave  elec¬ 
tronics  [1].  Significant  progress  has  recently  been  made 
in  growing  high-quality  GaN  epitaxial  layers. 
However,  substantial  efforts  are  required  in  the  area  of 
processing  techniques.  In  particular,  developments  of 
processing  technologies  for  formation  of  stable 
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Schottky  gate  contacts  with  high  Schottky  barrier 
heights  (SBHs)  and  low  leakage  currents  as  well  as  for 
formation  of  ohmic  contacts  with  low  contact  resist¬ 
ances  are  crucial  for  realization  of  the  GaN-based  elec¬ 
tronic  devices  such  as  metal  semiconductor  field  effect 
transistors  (MESFETs),  high  electron  mobility  transis¬ 
tors  (HEMTs),  etc.  Research  on  Schottky  [2-7]  and 
ohmic  contacts  [8,9]  of  GaN  are  of  current  interest. 
However,  their  interface  properties  have  not  been  well 
understood,  nor  have  their  formation  processes  been 
amply  optimized  yet. 

In  this  paper,  an  attempt  was  made  to  characterize 
and  optimize  the  formation  processes  of  Schottky  and 
ohmic  contacts  for  /i-type  GaN  in  view  of  applications 
to  field  effect  transistors  (FETs).  Both  Schottky  and 
ohmic  contacts  were  prepared  by  standard  vacuum  de¬ 
position  processes.  The  effects  of  pre-deposition  surface 
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Fig.  1 .  (a)  Sample  structure  for  characterization  of  Schottky  interfaces,  (b)  ohmic  contact  and  (c)  narrow  ring  Au  Schottky  diodes. 


treatments  and  barrier  metals  on  the  Schottky  charac¬ 
teristics  were  systematically  investigated  by  current-vol¬ 
tage  (I-V)  and  X-ray  photoelectron  spectroscopy 
(XPS)  methods.  As  a  result,  Au  contacts  formed  on 
NH4OH  treated  surfaces  showed  nearly  ideal  thermio¬ 
nic-emission  I-V  characteristics  with  a  highest 
Schottky  barrier  height  of  1.03  eV.  For  ohmic  con¬ 
tacts,  Ti/Al  contacts  were  investigated,  using  the  circu¬ 
lar  transmission  line  model  (TLM)  method  [10-12]. 
Excellent  ohmic  characteristics  with  a  minimum  con¬ 
tact  resistance  of  5-8  x  10-5  £2  cm-2  were  obtained  by 
annealing  at  600°C  for  1  min  in  N2  atmosphere. 
Finally,  narrow  ring  Au  Schottky  gates  with  Ti/Al 
ohmic  electrodes  were  successfully  fabricated,  demon¬ 
strating  applicability  of  the  present  contact  formation 
processes  for  FET  applications. 

2.  Experimental 

Si-doped  «-type  GaN  (0001)  layers  (n  =  5-7  x  1016 
cm-3)  grown  on  sapphire  substrates  by  MBE  were 
used.  The  sample  structures  used  in  this  study  for 
characterization  of  Schottky  contacts,  ohmic  contacts 
and  their  combination  are  shown  in  Fig.  l(a)-(c). 
Since  GaN  is  grown  on  an  insulator,  the  conventional 
geometry  using  back  contacts  could  not  be  used,  and 
all  the  electrode  patterns  were  defined  on  the  surface, 
using  the  standard  photolithography  with  a  positive 
photoresist  (Shipley  Co  Ltd,  Microposit  S2400).  For 
the  study  of  Schottky  contacts,  large  circular  Schottky 
dots  shown  in  Fig.  1(a),  having  a  large  diameter  of 
400  pm,  was  used  together  with  a  surrounding  large 
ohmic  contact  made  of  an  evaporated  Al  film. 
Evaporated  Al  films  without  annealing  were  reported 
to  be  a  good  ohmic  contact  material  to  «-type  GaN 
[4],  and  our  preparatory  experiments  also  confirmed 
that  Al  electrodes  indeed  gave  ohmic  characteristics 
with  contact  resistance  low  enough  at  least  for  such  a 
large  dot  geometry.  For  Schottky  contacts,  a  series  of 
high  and  low  workfunction  metals  (Pt,  Au  and  Ag) 


was  deposited  onto  «-GaN  surfaces  by  a  conventional 
vacuum  deposition  process  using  an  Electron-beam 
evaporation  source  or  a  resistance  heater.  For  study  of 
ohmic  small  electrodes  for  use  in  FET  applications,  the 
contact  resistance  obtainable  by  the  above  mentioned 
simple  Al  contact  without  annealing  was  found  to  be 
too  high  and  inadequate.  Thus  Ti/Al  alloy  contacts  [9] 
were  evaluated  using  the  circular  geometry  shown  in 
Fig.  1(b),  and  applying  the  circular  TLM  method.  In 
order  further  to  confirm  the  applicability  of  the  opti¬ 
mal  processes  for  FET  fabrication,  narrow  ring  Au 
Schottky  diodes  with  ohmic  electrodes  shown  in  Fig. 
1(c)  were  fabricated  and  tested.  Since  mesa-etching  of 
GaN  with  standard  wet  chemical  agents  is  known  to 
be  difficult,  such  ring  shaped  structures  seem  to  pro¬ 
vide  useful  alternatives  for  FET  feasibility  study. 

Due  to  the  difficulty  of  wet  chemical  etching  of 
GaN,  special  attention  was  paid  in  this  study  to  the 
surface  treatments  prior  to  metal  deposition.  Three 
surface  treatments,  (1)  cleaning  in  organic  solvents 
only  (hereafter  referred  to  as  the  organic  treatment); 
(2)  dipping  into  an  HF:HC1:H20=  1:5:5  solution  for 
1  min  after  cleaning  in  organic  solvents  (hereafter 
referred  to  as  the  HF/HC1  treatment);  and  (3)  dipping 
into  a  warm  NH4OH  solution  [13]  hold  at  50°C  for 
15  min  after  cleaning  in  organic  solvents  (hereafter 
referred  to  as  NH4OH  treatment),  were  applied  just 
prior  to  putting  the  sample  into  the  evaporation 
chamber. 

The  electrical  properties  of  the  fabricated  Schottky 
and  ohmic  contacts  were  investigated  by  current-vol¬ 
tage  (I-V)  characteristic  measurements,  using  a  HP 
4156A  parameter  analyzer.  Chemical  status  of  GaN 
surfaces  and  metal/GaN  interfaces  were  characterized 
by  X-ray  photoelectron  spectroscopy  (XPS)  system 
(Perkin  Elmer  Co  Ltd,  ESCA5100)  with  a  spherical  ca¬ 
pacitor  analyzer  (SCA)  and  a  monochlomated  Al  k  oc 
radiation  (h  v~  1486.6  eV).  The  binding  energies  of  the 
spectra  were  carefully  calibrated  by  the  separate 
measurements  of  Au4f7/2  peak  position. 
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Fig.  2.  Ol  s  and  N1  s  XPS  spectra  of  the  GaN  surfaces  after 
three  kinds  of  surfaces  treatment. 

3.  Results  and  discussion 

3.1.  XPS  study  of  surfaces  after  pre-deposition  surface 
treatments  and  interface  after  metal  contact  formation 

Fig.  2  shows  the  Ga3  d,  N1  s  and  Ol  s  XPS  spectra 
obtained  from  the  GaN  surfaces  after  the  three  kinds 
of  treatments.  The  values  of  XPS  integrated  intensity 
ratios  of  Ol  s  to  N1  s  and  those  of  Ga3  d  to  N1  s 
were  summarized  in  Fig.  3. 

As  seen  in  Fig.  3,  the  samples  treated  by  the  organic 
treatment  exhibited  non-stoichiometric  (Ga-rich)  sur¬ 
faces  including  large  amounts  of  oxide  and/or  oxyni¬ 
tride  components.  On  the  other  hand,  after  both  of  the 
HF/HC1  and  NH4OH  treatments,  significant  decrease 
of  the  oxide  components  was  observed  as  seen  in  Fig. 
3.  However,  the  detailed  behavior  was  very  different. 
Namely,  after  the  NH4OH  treatment,  a  peak  shift  of 
Ga3  d  spectrum  toward  a  lower  energy  and  the  re¬ 
duction  of  the  Ga3  d/Nl  s  intensity  ratio  took  place. 
This  can  be  interpreted  in  terms  of  removal  of  native 
gallium  oxide  layer,  making  the  surface  oxide-free  and 
near  stoichiometric. 


organic  NH4OH  organic  HF/HCI 
treatment  treatment  treatment  treatment 

Fig.  3.  Change  in  XPS  integrated  intensity  ratios  of  Ol  s  to 
N1  s  and  Ga3  d  to  N1  s  of  the  GaN  after  two  kinds  of  sur¬ 
faces  treatment. 
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Fig.  4.  C12p  spectrum  of  the  GaN  surface  treated  by  HF/HCI 
solution. 

In  contrast  to  this,  neither  of  these  two  changes 
took  place  after  the  HF/HCI  acid  treatment. 
Furthermore,  Cl-related  XPS  peaks  appeared  on  the 
HF/HCI  treated  surface  as  shown  in  Fig.  4.  This  indi¬ 
cates  that  gallium  chloride  component  was  formed  at 
the  surface  simultaneously  with  oxide  removal,  giving 
a  Ga-rich  surface. 

XPS  analysis  was  also  made  for  the  characterization 
of  metal/GaN  interfaces.  For  this  measurement,  the 
thickness  of  the  evaporate  metal  film  was  kept  to 
about  1  nm  so  that  photoelectrons  could  escape  from 
the  interface.  Fig.  5  summarizes  the  XPS  integrated 
intensity  ratios  of  Ga3  d  to  N1  s  obtained  from  the 
Au/GaN  and  Ag/GaN  interfaces  formed  after  the  HF/ 
HC1  and  NH4OH  treatments.  For  comparison,  the 
values  of  the  ratio  just  after  the  surface  treatments  are 
also  shown.  For  the  diodes  treated  in  the  NH4OH  sol¬ 
ution,  the  intensity  ratio  was  almost  the  same  before 
and  after  metal  deposition.  This  means  that  the  nearly 
stoichiometric  surface  was  maintained  after  metal  de¬ 
position  in  the  case  of  the  NH4OH  treatment.  On  the 
other  hand,  the  intensity  ratio  was  drastically  changed 
after  metal  deposition  for  the  HF/HCI  treated  surfaces. 
This  strongly  indicates  that  the  Ga-rich  surface  after 
the  HF/HCI  treatment  triggers  interfacial  reactions 


as-treated  Au/GaN  Ag/GaN 

Fig.  5.  XPS  integrated  intensity  ratios  of  Ga3  d  to  N1  s 
obtained  from  the  as-treated  surfaces  and  the  gold/GaN  and 
silver/GaN  interfaces. 
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Fig.  6.  Ag3d  spectrum  of  the  GaN  surface  treated  by  HF/HC1 
solution. 

during  metal  deposition,  leading  to  formation  of  inter¬ 
facial  layers.  As  a  direct  evidence  of  such  an  interfacial 
reaction,  the  Ag3  d  spectrum  of  the  Ag/GaN  interface 
was  shifted  toward  a  position  lower  than  that  of  the 
metallic  Ag  peak  (Fig.  6). 


3.2.  Electrical  properties  of  Schottky  contacts 

Figs.  7(a)-(c)  show  the  measured  forward  I-V 
characteristics  of  the  Ag,  Au  and  Pt  Schottky  contacts 
formed  by  a  vacuum  deposition  process  after  three 
different  surface  treatments.  The  values  of  the 
Schottky  barrier  height  (SBH)  and  the  ideality  factor  n 
were  obtained  by  analyzing  the  measured  I-Y  curves 
with  the  thermionic  emission  theory,  and  they  are 
attached  to  the  curves  in  Fig.  7(a)  and  (c),  where 
meaningful  values  could  be  obtained.  For  the  analysis, 
an  effective  electron  mass  of  ra*n  of  0.22  m0  was  used, 


Fig.  8.  I-V  characteristics  of  the  Au-Schottky  contacts  formed 
by  the  evaporation  process  after  organic  treatment  and 
NH4OH  treatment. 

and  this  gave  the  value  of  the  Richardson  constant  of 
26.4  A  cm"2  K“2  [14], 

For  the  diodes  treated  only  in  organic  solvents,  high 
/7-values  and  poor  linearity  of  I-V  curve  were 
obtained.  No  clear  dependence  of  SBH  on  metal  work- 
function  was  observed.  For  the  diodes  formed  after  the 
HF/HC1  treatment,  almost  all  of  the  diodes  exhibited 
ohmic-like  characteristics,  as  shown  by  the  linear  scale 
I-V  curves  given  in  the  inset  of  Fig.  7(b). 

On  the  other  hand,  good  thermionic  emission 
characteristics  with  the  value  of  n  close  to  unity  were 
realized  on  the  diodes  formed  after  the  NH4OH  treat¬ 
ment.  In  particular,  Au  Schottky  diode  gave  a  highest 


(a)  (b) 


Voltage  [V] 


(c) 


Fig.  7.  Typical  forward  I-V  characteristics  of  the  Ag,  Au  and  Pt  Schottky  contacts  to  n-G aN  formed  by  a  conventional  vacuum 
deposition  process:  (a)  organic  treatment,  (b)  HF/HC1  treatment  and  (c)  NH4OH  treatment. 
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Fig.  9.  I-V  characteristics  of  (a)  the  as-deposited  and  (b)  annealed  Ti/Al  contacts. 


SBH  of  1.03  eV  with  n  =  1.07.  No  systematic  depen¬ 
dence  of  SBH  on  the  metal  workfunction  was  found. 

From  the  viewpoint  of  FET  device  application, 
reverse  I-V  characteristics  are  important,  because  they 
directly  affect  the  FET  gate  controllability  of  the  de¬ 
pletion  layer  width.  Reverse  I-V  characteristics  of  the 
Au/«-GaN  diodes  formed  after  the  organic  and 
NH4OH  treatments  are  shown  in  Fig.  8,  together  with 
the  calculated  curves.  In  the  calculation,  the  values  of 
the  SBH  and  the  ideality  factor  were  used,  taking 
account  of  the  image  force  barrier  lowering  effect.  The 
diodes  formed  after  the  NH4OH  treatment  showed  a 
reverse  I-V  curve  with  a  low  leakage  current  which 
agree  well  with  the  calculated  curve.  On  the  other 
hand,  anomalous  reverse  I-V  behavior  was  observed 
for  the  samples  formed  after  organic  treatment.  High 
reverse  currents  flow  even  at  low  reverse  bias  region, 
and  the  currents  suddenly  increased  at  a  bias  around 
—  1.5  V.  This  appears  to  be  the  case  that  thin  insula¬ 
tor-transition  layer  exists  at  the  interface,  and/or  in¬ 
homogeneous  metal/semiconductor  contacts  are 
formed  [15]. 

Thus,  it  was  found  that  there  exists  a  strong  corre¬ 
lation  between  the  chemical  and  electronic  properties 
of  metal/GaN  interfaces  formed  by  vacuum  deposition. 
Namely,  the  oxide-free  and  near  stoichiometric  surface 
obtained  after  the  NH4OH  treatment  remained  stable 
during  metal  contact  formation,  and  gave  rise  to  excel¬ 
lent  Schottky  characteristics.  On  the  other  hand,  oxide 
containing  and  non-stoichiometric  surfaces  obtained 
after  the  organic  and  HF/HC1  treatments  were  un¬ 
stable  during  contact  formation,  and  exhibited  poor 


Schottky  characteristics,  being  dominated  by  the  inter¬ 
facial  layers. 

3.3.  Electrical  properties  of  ohmic  contacts 

For  preparation  of  Ti/Al  ohmic  contacts,  a  40  nm- 
thick  Ti  film  and  a  100  nm-thick  Al  film  were  depos¬ 
ited  by  a  standard  electron-beam  deposition  and  vac¬ 
uum  deposition,  respectively,  after  the  NH4OH 
treatment.  Examples  of  the  I-V  characteristics  of  the 
as-deposited  and  annealed  Ti/Al  contacts  are  shown  in 
Fig.  9(a)  and  (b).  The  behavior  of  the  as-deposited 
contacts  ranged  from  ohmic  to  rectifying.  However, 
after  high  temperature  annealing  all  contacts  exhibited 
ohmic  characteristics.  The  best  result  was  obtained 


Fig.  10.  An  example  of  a  curve  fitting  to  experimental  data 
obtained  from  the  circular  TLM  method. 
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after  annealing  at  600°C  for  1  min  in  N2  atmosphere. 
In  order  to  estimate  the  specific  contact  resistance,  the 
measured  data  for  various  values  of  inner  and  outer 
radii,  /']  and  r2,  of  the  circular  electrode  shown  in  Fig. 
1(b)  were  fitted  into  the  following  equation  [10]. 


where  1 Rsh  is  the  sheet  resistance  of  GaN,  and  LT  is  the 
transfer  length.  The  transfer  length  LT  is  related  to  the 
contact  resistance  rc  by 


'*c  —  (2) 

An  example  of  such  a  fitting  vs  the  electrode  distance 
(r2-n)  is  shown  in  Fig.  10.  The  values  of  the  contact 
resistance  obtained  after  the  best  annealing  condition 
mentioned  above  were  in  the  range  of  5-8  x  10-5  Q. 
cm-2.  These  values  are  somewhat  larger  than  those 
reported  recently  by  Luther  et  al.  [9],  however  this 
may  be  due  to  the  fact  that  the  carrier  concentration 
of  GaN  used  in  this  study  was  5  times  lower  than  that 
in  ref.  [9]. 

Finally,  in  order  to  confirm  applicability  of  the  pre¬ 
sent  Schottky  and  ohmic  contact  formation  processes 
for  FET  applications,  attempts  were  made  to  realize 
narrow  ring  Au  Schottky  gates  with  Ti/Al  ohmic  elec¬ 
trodes  on  the  same  chip,  using  the  NH4OH  surface 
treatment  and  the  standard  photolithography  process. 
For  the  fabricated  Au  Schottky  gate  with  Lg  =  2  pm 
and  the  spacing  of  2  pm,  good  I-V  behavior  was  also 
obtained.  The  reverse  leakage  current  was  very  small 
and  was  of  the  order  of  10~10  A  at  a  reverse  bias  vol¬ 
tage  of  -10  V.  Furthermore,  electrical  breakdown  was 
not  observed  up  to  -40  V.  Thus,  the  present  contact 
formation  processes  seem  to  be  promising  for  FET 
fabrication. 


4.  Conclusion 

In  this  paper,  an  attempt  was  made  to  characterize 
and  optimize  the  formation  processes  of  Schottky  and 
ohmic  contacts  on  w-GaN  by  vacuum  deposition  in 
view  of  applications  to  field  effect  transistors  (FETs). 

1.  From  the  viewpoints  of  oxide  removal  and  mainten¬ 
ance  of  stoichiometry,  it  is  concluded  that  etching  in 
a  warm  NH4OH  (50°C)  solution  gives  the  best 
result. 

2.  Au,  Ag  and  Pt  Schottky  contacts  formed  on 
NH4OH  treated  surfaces  showed  nearly  ideal  ther¬ 
mionic-emission  I-Y  characteristics  with  Au  con¬ 
tacts  giving  a  maximum  Schottky  barrier  heights  of 
1.03  eV. 


3.  Schottky  diodes  treated  only  in  organic  solvents  or 
those  treated  in  an  HF/HC1  solution  after  organic 
cleaning  showed  poor  I-V  curve  with  high  /7-values 
and  large  leakage  currents.  Interface  transition 
layers  formed  at  the  metal/GaN  interfaces  seem  to 
be  responsible  for  poor  behavior. 

4.  For  ohmic  contacts,  Ti/Au  contacts  after  annealing 
at  600°C  for  1  min  in  N2  atmosphere,  showed  excel¬ 
lent  ohmic  characteristics  with  a  minimum  contact 
resistance  of  5-8  x  10-5  Q  cm-2. 

5.  Narrow  ring  Au  Schottky  gates  with  Au/Ti  ohmic 
electrodes  were  successfully  fabricated,  demonstrat¬ 
ing  applicability  of  the  present  contact  formation 
processes  for  FET  applications. 
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Abstract 

Using  substrate  transfer  processes,  we  have  fabricated  heterojunction  bipolar  transistors  with  submicron  emitter- 
base  and  collector-base  junctions,  minimizing  RC  parasitics  and  increasing  /max  to  500  GHz.  The  process  also 
provides  a  microstrip  wiring  environment  on  a  low-e,.  dielectric  substrate.  Demonstrated  small-scale  ICs  in  the 
process  include  lumped  and  distribute  amplifiers  with  bandwidths  to  85  Hz,  48  GHz  static  frequency  dividers,  and 
50GHz  AGC/limiting  amplifiers.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 

Keywords:  Heterojunction  bipolar  transistor;  HBT;  Transferred-substrate 


1.  Introduction 

Applications — present  and  potential-  for  hetero¬ 
junction  bipolar  transistors  (HBTs)  include  RF/micro- 
wave  analog-digital  conversion,  microwave  direct 
digital  frequency  synthesis,  and  fiber-optic  transmission 
in  the  range  of  40-120  Gigabits/second. 

The  motivation  for  high  circuit  bandwidth  varies 
with  the  application.  In  fiber-optic  transmission,  fast 
ICs  will  directly  enable  increased  time-division-multi¬ 
plexed  transmission  rates,  complementing  increases  in 
channel  capacity  provided  by  wavelength-division-mul¬ 
tiplexing.  For  oversampled  (A— Z)  analog-digital  con¬ 
verters,  in-band  quantization  noise  power  decreases  in 
proportion  to  the  5th-power  of  the  oversampling  ratio 


*  Corresponding  author. 

1  Present  address:  Lucent  Technologies,  Murray  Hill,  NJ, 
USA 

2  Present  address:  Rockwell  Semiconductor  Systems, 
Newport  Beach,  CA,  USA 


(2nd-order  modulators).  Very  high  speed  IC  technol¬ 
ogies  offer  the  potential  of  A— Z  ADCs  with  clock  fre¬ 
quencies  in  the  10  s  of  GHz,  providing  high  dynamic 
range  and  large  instantaneous  bandwidth  over  radio¬ 
frequencies  and  lower  microwave  frequencies.  In  direct 
digital  frequency  synthesis  (DDS),  increases  in  logic  IC 
clock  rates  and  DAC  bandwidths  will  result  in 
increased  synthesizer  bandwidth.  Used  in  radar  trans¬ 
mitters,  modulation  bandwidths  can  then  be  increased 
and  frequency  agility  improved. 

A  100  GHz  clock  rate  IC  technology  would  permit 
significant  advances  in  the  performance  of  such  signal 
conversion  ICs.  To  permit  clock  rates  exceeding  100 
GHz,  significant  issues  in  transistor  design,  intercon¬ 
nects,  packaging,  and  thermal  design  must  be 
addressed.  The  transistor  current  gain  (/T)  and  power 
gain  (/maX)  cutoff  frequencies  must  be  several  hundred 
GHz.  Wiring  parasitics  must  be  minimized.  The  inter¬ 
connects  must  have  small  inductance  and  capacitance 
per  unit  length,  and  the  wire  lengths,  hence  transistor 
spacings,  must  be  small.  Given  that  fast  HBTs  operate 
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Transferred-Substrate  HBTs:  A  Scalable  HBT 


emitter  width,  microns 


•  Collector  capacitance  reduces  with  scaling:  C  fcoc 

•  Bandwidth  increases  rapidly  with  scaling:  /max  oc  ^ 

Fig.  1.  Scaling  of  transferred-substrate  and  triple-mesa  HBTs. 

at  ~105  A/cm2  current  density,  efficient  heat  sinking  is 
then  essential.  To  provide  predictable  performance, 
interconnects  of  more  than  a  few  ps  length  must  have 
a  controlled  characteristic  impedance.  To  prevent  cir¬ 
cuit-circuit  interaction  through  ground-circuit  com¬ 
mon-lead  inductance  (“ground  loops”),  the  IC 
technology  must  provide  an  integral  ground  plane  for 
ground-return  connection.  Similarly,  to  prevent  cir¬ 
cuit-circuit  interaction  between  the  IC’s  input  and  out¬ 
put  lines,  common-lead  inductance  between  the  IC  and 
package  ground  systems  must  be  made  vanishingly 
small. 


2.  Transferred-substrate  HBTs 

Transferred-substrate  HBT  ICs  [3]  offer  high  transis¬ 
tor  bandwidth,  low  wiring  capacitance,  and  low  wiring 
inductance.  In  this  process  a  substrate  transfer  step 
permits  two-side  processing  of  the  device  epitaxial 
layers,  allowing  definition  of  a  transistor  with  narrow 
and  aligned  emitter-base  and  collector-base  junctions. 

In  HBTs,  fx  is  primarily  determined  by  the  base 
transit  time  rb,  the  collector  transit  time  tc,  and  the 
emitter  charging  time  Ci&{kTjqIe).  Increases  in  /T  are 
obtained  by  thinning  the  collector,  by  thinning  and 
grading  the  base,  and  by  increasing  the  emitter  current 
density.  Unfortunately,  thinning  the  base  and  collector 
epitaxial  layers  increases  the  collector  capacitance  Cc b 
and  the  base  resistance  Rbb,  decreasing  /max  =  (/T/87r 
^bbQbi)I/2-  The  base-collector  junction  is  a  distributed 
network  and  RbbCcbi  represents  an  effective,  weighted 
time  constant  [4],  For  a  fixed  emitter  stripe  length , 
decreasing  the  width  We  of  the  emitter-base  junction 
decreases  the  base  spreading  resistance,  but  does  not 
decrease  the  base  contact  resistance.  Scaling  We 
reduces  Rbb  towards  a  minimum  set  by  the  contacts. 


Distance,  A 

Fig.  2.  Band  diagram,  under  bias,  of  a  typical  device. 

Decreasing  the  width  of  the  base-collector  junction  Wc 
decreases  Qv 

In  normal  double-mesa  HBTs  (Fig.  1),  the  collector- 
base  junction  and  base  Ohmic  contact  are  defined  in  a 
single  process  step.  The  Ohmic  contacts  must  be  at 
least  one  contact  transfer  length,  setting  a  minimum 
collector  junction  width,  and  a  minimum  collector  ca¬ 
pacitance.  7?bbCCb  has  a  minimum  value,  independent 
of  lithographic  limits,  and  /max  does  not  improve  with 
scaling.  In  the  transferred-substrate  device,  the  collec¬ 
tor  width  need  only  be  larger  than  the  emitter  width. 
Reducing  Wc  and  We  progressively  reduces  RbbCcb, 
and  /max  increases  rapidly  with  scaling  (Fig.  1).  With 
lateral  scaling  alone,  /max  should  approach  1  THz  as 
dimensions  are  scaled  to  ~0.1  pm.  Subsequently  thin¬ 
ning  the  base  and  collector  layers  increases  fz  at  the  ex¬ 
pense  of  /max.  Simultaneous  high  values  for  both  /T 
and /max  are  thus  obtained. 


3.  Growth  and  fabrication 

Fig.  2  shows  the  band  diagram  associated  with  a 
typical  transferred-substrate  HBT  layer  structure.  The 
InGaAs  base  is  nominally  400-500  A  thick,  has 
kT~2kT  bandgap  grading,  and  is  Be-doped  at  5-1019 
cm3.  The  InGaAs  collector  is  2500  A  thickness.  A  col¬ 
lector  N+  pulse-doped  layer  placed  400  A  from  the 
base  delays  the  onset  of  base  pushout  at  high  collector 
current  densities.  Devices  typically  use  Schottky  collec¬ 
tor  contacts  [6],  although  HBTs  with  N  +  subcollector 
layers  (Ohmic-collector  devices)  have  also  been  fabri¬ 
cated.  While  Ohmic-collector  devices  have  non-zero 
collector  series  resistance,  hence  lower  /max  [4],  the 
0.2  V  barrier  present  in  the  Schottky-collector  device 
increases  the  Vce  required  to  suppress  base  pushout  at 
high  current  densities.  Ohmic-collector  devices  thus 
show  higher  /max  under  the  low-Kce  conditions  associ¬ 
ated  with  current-mode-logic  (CML).  Schottky-collec¬ 
tor  devices  are  used  for  emitter-coupled-logic  (ECL), 
where  the  operating  Vce  is  higher. 
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1)  Norma!  emitter,  base  processes.  2)  Coat  with  BCB  polymer. 
Deposit  silicon  nitride  insulator.  Etch  vias. 


^•insulator 
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InP  substrate^H 

Hi 

InP  substrate 
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3)  Electroplate  with  gold. 

Die  attach  to  carrier  substrate. 


4)  Invert  wafer. 

Remove  InP  substrate. 


Fig.  3.  Transferred-substrate  HBT  process  flow. 

Fig.  3  shows  the  process  flow.  Standard  fabrication 
processes  [2]  define  the  emitter-base  junction,  the  base 
mesa,  polyimide  planarization,  and  the  emitter  con¬ 
tacts.  The  substrate  transfer  process  commences  with 
deposition  of  the  PECVD  Si3N4  insulator  layer  and 
the  Benzocyclobutene  (BCB)  transmission-line  dielec¬ 
tric  (5  pm  thickness).  Thermal  and  electrical  vias  are 
etched  in  the  BCB.  The  wafer  is  electroplated  to  meta- 
lize  the  vias  and  to  form  the  ground  plane. 
Subsequently,  the  wafer  is  Indium-bonded  to  a  GaAs 
carrier  substrate,  and  the  InP  substrate  removed  in 
HC1.  Schottky  collectors  are  then  deposited,  complet¬ 
ing  the  process. 

The  transferred-substrate  process  permits  high  device 
bandwidths  /max  through  simultaneous  scaling  of  emit¬ 
ter  and  collector  junctions.  For  the  emitter-base  junc¬ 
tion,  deep  submicron  scaling  requires  tight  control  of 


Fig.  4.  Cross-section  of  emitter-base  junction.  The  0.5  pm 
emitter  metal  was  defined  with  a  projection  lithography  sys¬ 
tem. 


Fig.  5.  Cross-section  of  a  transferred-substrate  HBT  showing 
the  thermal  via. 

lateral  undercutting  during  the  base  contact  recess 
etch.  To  form  the  emitter,  reactive-ion  etching  in  CH4/ 
H2/Ar,  monitored  with  a  HeNe  laser,  first  removes  the 
N+  GalnAs  emitter  contact  layer.  A  HCl/HBr/ Acetic 
selective  wet  etch  then  removes  the  AlInAs  emitter, 
stopping  on  the  AlInAs/GalnAs  emitter-base  grade. 
By  etching  at  10°C,  the  etch  rate  is  slowed,  and  a  con¬ 
trolled  emitter  undercut  is  formed.  The  undercut  both 
narrows  the  emitter  and  serves  (as  normal)  to  define 
the  liftoff  edge  in  the  self-aligned  base  contact  depo¬ 
sition.  A  timed  30  s  nonselective  wet  Citric/H3P04/ 
H202  etch  then  removes  the  base-emitter  grade.  Etch 
selectivity  in  both  the  RIE  and  HCl/HBr/Acetic  etches 
aids  in  etch-depth  control,  and  we  are  able  to  reprodu- 
cibly  etch  ~100  A  into  the  base  without  use  of  surface 
contact  resistance  probing  as  a  process  monitor.  Fig.  4 
shows  the  cross-section  of  a  0.15  pm  emitter-base  junc¬ 
tion. 

In  defining  submicron  collector-base  junctions,  use 
of  the  Schottky-collector  contact  eliminates  the  need 
for  an  etch  of  similar  precision  through  an  N+  collec¬ 
tor  Ohmic  contact  layer.  The  collector  junction  is 
defined  by  the  stripe  width  of  the  deposited  metal. 
Subsequent  to  collector  deposition,  a  self-aligned  wet 
etch  of  ~1000  A  depth  removes  the  collector  junction 
sidewalls  (eliminating  fringing  fields)  and  reduces  the 
collector  junction  width  by  ~2000  A.  The  step, 
intended  to  reduce  Cc *>,  generally  provides  a  greater 
increase  /max  than  would  be  expected  from  the 
observed  reduction  in  collector  junction  width. 

In  addition  to  HBTs  with  narrow  emitter  and  collec¬ 
tor  stripes  Fig.  5,  the  process  provides  thermal  vias  for 
HBT  heatsinking,  NiCr  resistors,  Si3N4  MIM  capaci¬ 
tors,  and  microstrip  wiring  on  a  er  =  2.7  dielectric  with 
vias,  ground  plane,  and  3  levels  of  interconnects.  To 
tolerate  high  power  densities,  the  NiCr  resistors  must 
have  thermal  vias,  which  results  in  significant  parasitic 
capacitance.  Pull-up  resistors  in  ECL  do  not  require 
the  thermal  via. 
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Fig.  6.  Cross-section  of  a  transferred-substrate  HBT  with  a 
electroplated  copper  substrate. 


A  significant  missing  feature  is  in  packaging.  In  the 
present  process  the  microstrip  ground  plane  is  isolated 
from  the  wafer  back  surface  by  the  GaAs  transfer  sub¬ 
strate,  increasing  thermal  resistance  and  preventing 
low-inductance  connections  between  the  IC  and  pack¬ 
age  ground.  A  modified  process  with  a  fully  metallic 
electroplated  copper  substrate  is  in  development  [5]. 
This  will  provide  highly  effective  heatsinking  (395  W/ 
M-K  for  Cu  vs  74  for  InP)  and,  with  a  package-IC 
ground  interface  over  the  full  IC  back  surface,  very 
low  package-chip  ground  inductance.  Presently,  devices 
have  been  fabricated  in  the  copper-substrate  process 
(Fig.  6)  but  difficulties  with  residual  stress  limit  IC 
yield. 


Fig.  7.  Transferred-substrate  HBT  defined  by  contact  litho¬ 
graphy. 


4.  Device  performance 

Devices  have  been  fabricated  using  contact  lithogra¬ 
phy  at  1-2  pm  resolution,  using  a  0.5  pm  stepper,  and 
using  electron-beam  lithography.  Fig.  7  shows  a  device 
with  a  0.6  by  8  pm  emitter  and  a  1.6  by  12  pm  collec¬ 
tor.  The  device  exhibits  215  GHz  peak  /T,  and  peak 
/max  above  400  GHz.  Fig.  8  shows  HBT  emitter-base 
and  collector-base  junctions  defined  by  electron-beam 
lithography.  Submicron  devices  fabricated  by  E-beam 
lithography  (Fig.  9)  exhibit  500  GHz.  /max  [7].  Neither 
contact  lithography  nor  electron-beam  lithography  is 
suitable  for  fabrication  of  large  ICs.  We  have  recently 
fabricated  HBT  ICs  using  a  0.5  pm  projection  lithogra- 


Fig.  8.  E-beam  HBT:  test  structure  with  0.15  pm  emitter-base  junction  (a),  and  0.4  pm  Schottky  collector  stripe  (b). 
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Fig.  9.  W-band  gains  of  device  with  a  0.4  x  25  |xm  emitter 
and  a  1.0  x  29  pm  collector. 


phy  system,  and  have  obtained  microwave  gains  (and 
/max)  somewhat  higher  than  that  shown  in  Fig.  9. 

With  the  exception  of  reactively-tuned  circuits,  for 
which  /max  is  the  sole  determinant  of  circuit  band¬ 
width,  circuit  design  generally  requires  high  values  for 
both  /.  and  /max.  Examining  significant  terms  in  l/2nfXi 
with  base  bandgap  grading,  Tb  +  Tc  is  small  at  0.4-0. 5 
ps,  while  the  Schottky  collector  eliminates  RcCc b.  At 
peak  /  bias,  (Cje+ Ccb)/gm  -  0.1  ps.  Presently 
RexCc b  ^  0.1  ps,  and  has  significant  impact  upon /.  To 
obtain  >300  GHz  /,  base  bandgap  grading  must  be 
increased,  the  collector  thinned,  and  InAs  emitter 
Ohmic  contact  layers  employed. 

Device  scaling  also  reduces  D.C.  current  gain  and 
breakdown  voltage.  Base  current  in  narrow-emitter 
InAlAs/InGaAs  HBTs  is  predominantly  due  to  con¬ 
duction  on  the  exposed  InGaAs  base  surface  between 
the  emitter  mesa  and  the  base  Ohmic  contact,  ft 
decreases  with  emitter  width,  but  increases  as  the  base 
is  thinned,  as  base  bandgap  grading  is  increased,  and 
(at  the  expense  of  /max)  as  the  emitter-base  spacing  is 
increased.  p>50  has  been  obtained  with  0.2  jxm  emit¬ 
ters.  The  2500  A  InGaAs  collectors  have  very  low 
breakdown,  1.5  V  BVceo,  2  V  BVcbo  at  1-2  -10s  A/cm2 
current  density.  Clearly,  InP  collectors  should  be  used 
for  highly  scaled  devices. 

5.  Integrated  circuits 

As  first  digital  ICs  demonstrations,  we  fabricated 
ECL  and  CML  master-slave  D  flip-flops,  configured  as 
2:1  static  frequency  dividers  [8].  Circuits  were  fabri¬ 
cated  using  contact  lithography,  producing  devices 
with  0.6  x  8  pm  emitters  and  1.6  x  12  pm  collectors. 
The  devices  operate  at  1.25  mA/pm2.  The  differential 
logic  swing  is  600  mV.  The  collector  pull-up  resistors 
are  50  Q,  hence  the  divider  outputs  directly  drive  50  Q 
output  lines  without  buffering.  Circuit  design  is  entirely 


Fig.  10.  CML  (a)  and  ECL  (b)  master-slave  D-flip-flops. 

standard.  The  CML  divider  uses  series-gated  master 
and  slave  latches.  Emitter-follower  buffers  are  added 
to  the  CML  clock  and  data  ports  to  form  the  ECL 
divider.  The  ICs  are  shown  in  Fig.  10. 

The  CML  and  ECL  static  frequency  dividers  oper¬ 
ated  at  maximum  clock  frequencies  of  47  and  48  GHz. 
The  circuits  dissipate  380  mW  (ECL)  or  75  mW 
(CML)  from  a  -5  V  supply,  and  have  pad-limited 
0.6  x  0.6  mm  die  areas.  The  peak  ECL  clock  speed  of 
70  GHz  predicted  from  SPICE  simulation  (in  which 
efforts  were  made  to  model  all  significant  device  and 
interconnect  parasitics)  does  not  correlate  with  the 
measured  48  GHz.  We  suspect  this  discrepancy  arises 
from  strong  emitter-follower  gain  peaking  at  50  GHz. 
We  have  observed  very  strong  ~50  GHz  gain  peaking 
inconsistent  with  SPICE  simulation  in  resistive  feed¬ 
back  amplifiers  [9,10],  and  have  suppressed  it  with 
shunt  resistive  loading  at  the  emitter-follower  output 
[11].  Design  studies  now  in  progress  suggest  the  feasi¬ 
bility  of  100  GHz  clock  rates  with  the  present  HBTs, 
but  the  device  models — and  the  circuits — remain  to  be 
validated. 

Various  analog  ICs  have  been  demonstrated  in  the 
process,  including  85  GHz  distributed  amplifiers  (Fig. 
11),  50  GHz  broadband  differential  amplifiers  for  opti¬ 
cal  fiber  receivers  (Fig.  12),  broadband  Darlington 
feedback  amplifiers  (Fig.  13),  and  very  broadband  /- 
doubler  feedback  amplifiers.  (Fig.  14). 

6.  Conclusions 

100  GHz  digital  ICs  require  a  high-bandwidth  tran¬ 
sistor,  low-parasitic  interconnects,  and  effective  heat- 


Fig.  1 1 .  Distributed  amplifier  in  the  transferred-substrate  pro¬ 
cess.  The  amplifier  exhibits  7  dB  gain  and  85  GHz  bandwidth. 
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Fig.  12.  D.C.-50  GHz,  11  dB  broadband  differential  amplifier. 


15.6  dB  DC  gain 

Interpolated  3dB  bandwidth:  60  GHz 
360  GHz  gain-bandwidth  product 


Fig.  13.  Broadband  Darlington  feedback  amplifier. 


sinking.  Using  substrate  transfer  processes,  HBTs  can 
be  fabricated  with  highly  scaled  lithographic  and  epi¬ 
taxial  dimensions,  giving  both  high  fx  and  high  /max. 
With  further  scaling  and  improved  circuit  design,  100 
GHz  digital  ICs  will  be  feasible. 
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Abstract 

A  review  is  given  of  the  300  K  electron  and  hole  mobilities  in  Si/SeGe  heterostructures  and  the  potential 
applications  of  these  materials  in  CMOS  technology.  Prospects  for  further  enhancements  in  carrier  mobility  and 
CMOS  process  design  options  are  discussed  for  Si/SiGe  strained  layers  on  Si  and  on  relaxed  SiGe  ‘virtual 
substrates’.  Recent  work  on  heterointerface  quality,  limited  area  growth  of  virtual  substrates,  carrier  mobility  and 
velocity-field  characteristics  is  also  reported.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction:  the  limits  of  CMOS  and  the  role  for 
SiGe 

Silicon  CMOS  has  a  unique  range  of  features  which 
makes  it  widely  applicable,  facilitating  the  design  of 
both  analogue  and  digital  circuits.  Low  power  con¬ 
sumption,  high  input  impedance,  excellent  noise  immu¬ 
nity,  high  integration  levels,  and  proven  reliability  are 
amongst  its  attributes.  With  each  new  generation  there 
are  improvements  in  speed,  current  drive  and  noise 
performance  along  with  reductions  in  supply  voltage. 
As  the  technology  approaches  0.1  pm  feature  size 
further  gains  in  performance  are  to  be  had,  with  prom¬ 
ises  of  digital  and  analogue  operation  in  the  GHz 
regime,  ultimately  replacing  the  bipolar  circuits  cur¬ 
rently  used  in  high  speed,  high  gain,  low  noise  appli¬ 
cations.  Even  so,  such  deep  submicron  technologies  set 
very  ambitious  process  targets. 

The  technology  is  not  without  its  problems.  With 
shrinking  geometries  carriers  are  increasingly  squeezed 
into  a  narrow  region  adjacent  to  the  Si/Si02  interface 
and  their  mobilities  become  miserably  low — in  the 
range  50  to  200  cm2  V"1  s-1,  the  holes  being  especially 
sluggish — at  least  partly  due  to  their  large  effective 
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masses.  Such  low  mobilities  reduce  device  speed  and 
levels  of  integration,  and  make  for  increased  power 
consumption.  With  huge  new  markets  being  created  in 
mobile  communications  and  other  wireless  systems 
operating  at  frequencies  in  the  range  900  MHz-2.2 
GHz,  demanding  highly  linear,  low  noise,  high  speed 
devices  with  low  power  supply  voltages,  Si-CMOS  is 
starting  to  show  its  age.  Even  with  clever  circuit  design 
it  cannot  by  itself  meet  the  specification  levels  required 
for  the  market-leading  products,  and  III-V  or  bipolar 
technologies  have  to  be  latched  on  to  or  integrated 
with  CMOS — solutions  which  lack  elegance  and  are 
costly.  Many  of  the  problem  areas  in  the  quest  for  an 
MOS  one-chip  solution  to  cellular  phones  are  being 
researched  with  some  success,  but  the  design  bottle¬ 
neck,  preventing  further  integration,  is  the  RF  section, 
hampered  by  inadequate  transistor  performance. 

However,  with  SiGe  there  are  excellent  prospects  of 
rejuvenating  the  technology.  If  SiGe  can  be  utilized  to 
create  the  active  channels  in  Si-CMOS  it  brings  to  it 
very  significant  increases  in  mobilities — extending  the 
reach  of  CMOS  comfortably  into  RF  circuitry.  For 
example,  even  at  this  very  early  stage  a  crude  SiGe  p- 
channel  FET  has  shown  a  high  frequency  performance 
superior  to  any  other  p-channel  transistor  [1].  Carrier 
mobility  is  a  key  performance  parameter  and  improve¬ 
ments  give,  crucially,  much  better  linearity,  higher  cur- 
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Fig.  1.  Schematics  of  two  possible  process  options  incorporat¬ 
ing  pseudomorphic  SiGe  layers  for  enhanced  p-channel 
CMOS  involving:  (a)  processing  the  n-channel  device  first, 
requiring  relatively  high  thermal  budgets  prior  to  selective 
growth  of  SiGe  for  the  p-channel  device;  (b)  processing  from 
a  blanket  coverage  epilayer,  with  restricted  thermal  budget  to 
maintain  the  strain  integrity  of  the  SiGe. 

rent  drive,  better  noise  performance  and  reductions  in 
the  supply  voltage.  Such  developments  would  impact 
on  both  digital  and  analogue  circuitry  and  in  the  case 
of  the  LNAs,  local  oscillators,  analogue-to-digital  con¬ 
verters  and  power  amplifiers  used  in  mobile  communi¬ 
cation,  systems  there  would  be  particular  benefit  from 
using  SiGe  transistors.  Moreover,  the  possibility  of  a 
matched  n-  and  p-channel  performance  in  CMOS  con¬ 
siderably  facilitates  the  design  of  amplifiers,  mixers  and 
filters.  The  enhanced  carrier  mobilities  seen  particularly 
at  low  vertical  fields  auger  well  for  high  speed  low  vol¬ 
tage  micropower  circuits  involving  MOSFETS  biased 
in  the  weak  inversion  regime.  This  would  enable 
micropower  circuits  to  assess  the  technologically  im¬ 
portant  1-10  MHz  baseband  region  and  be  used  for 
video  signal  processing.  Furthermore,  the  huge  mobile 
communications  and  LAN  market  and  the  seemingly 


endless  applications  requiring  high  speed  logic  provide 
enormous  leverage  for  such  a  mobility-enhanced 
CMOS  technology. 

The  increased  mobilities  in  Si/SiGe  heterostructures 
are  largely  due  to  strain-induced  reductions  in  effective 
mass  and  concomitant  conduction  and  valence  sub¬ 
band  splittings.  High  germanium  content  in  the  case  of 
holes  produces  further  significant  reductions  in  effec¬ 
tive  mass.  These  improved  band  structures  can  lead  to 
much  reduced  phonon,  interface  charge,  interface 
roughness  and  alloy  scattering  [1]. 

In  this  review  we  discuss  Si/SiGe  heterostructure 
MOSFET  devices,  with  particular  emphasis  on  p-chan- 
nels  where,  because  of  the  low  hole  mobility  in  bulk  Si 
pMOS,  the  performance  gains  are  expected  to  be  lar¬ 
gest.  We  look  at  potential  CMOS  configurations  invol¬ 
ving  SiGe  and  consider  the  critical  issues  which  need 
to  be  addressed  if  SiGe  is  to  be  incorporated  into  the 
CMOS  process.  The  paper  includes  work  carried  out 
by  The  University  of  Warwick  on  effective  mobility, 
velocity-field  characteristics,  heterointerface  quality 
and  the  development  of  strain-tuning  relaxed  SiGe 
alloys  (‘virtual  substrates’)  of  low  defect  density. 


2.  Enhanced  p-channel  HCMOS 

Mobility  improvements  in  the  p-channel  device  in 
CMOS,  with  the  ultimate  aim  of  producing  symmetric 
n-  and  p-channel  characteristics,  will  yield  very  signifi¬ 
cant  performance  (power-delay  product)  enhance¬ 
ments,  (up  to  around  100%),  in  inverter-based 
circuitry,  and  enable  considerably  improved  integration 
levels.  Such  a  scenario  can  be  envisaged  through  the 
addition  of  a  thin  defect-free  (pseudomorphic)  strained 
Sii_*  GeA  layer  in  the  p-channel  device  in  CMOS  and 
two  process  design  options  are  shown  in  Fig.  1.  The 
SiGe  lowers  the  channel  resistance  and  may  also  allow 
significant  reductions  in  the  spreading  resistance  intrin¬ 
sic  to  B-implanted  p-channel  contacts.  To  date,  ther¬ 
mal  oxides  formed  directly  on  the  SiGe  are  not  of 
device  quality  and  the  gate  oxide  is  provided  by  oxidis- 


Table  1 


Calculated  300  K  mobilities  in  the  Si/Sio.6Geo.4/Si  two-dimensional  hole  gas,  assuming  effective  mass  m*  =  0.27  m0,  acoustic  phonon 
scattering  potential  E{  =5.8  eV,  alloy  thickness  =  5  nm,  carrier  density  =  1-2  x  1012  cm“2.  Other  parameters  are  taken  from  Ref.  [3]. 
Lower  row  of  figures  indicates  the  mobility  attainable  if  interface  scattering  can  be  reduced  to  a  negligible  contribution 


Component  mobilities 
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Alloy  scattering 
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Fig.  2.  XTEM  micrographs  of  unoxidised  (a)  and  (b)  and  oxidised  (c)  Si/SiGe/Si  structures  grown  by  solid  source-MBE:  (a)  Si/ 
Si0  7Ge0.3/Si  grown  at  705°C  ( TG )  showing  strain-induced  long  range  (—100  nm)  roughness  on  the  top  SiGe/Si  interface;  (b)  Si/ 
Sio  64Ge0  36/Si  grown  at  low  temperature  (450°C)  and  annealed  in  situ  (800°C  ( TA )  for  30  min)  showing  no  discernible  roughness  at 
the  top  interface;  (c)  thermal  oxidation  (800°C  for  120  min)  of  (b)  to  leave  a  3  nm  thick  Si  cap  layer. 


ing  an  overlaying  Si  layer  and  leaving  a  very  thin  Si 
cap  layer  between  SiGe  and  the  Si/SiC>2  interface.  The 
cap  layer  however,  provides  a  conduit  for  parasitic 
hole  conduction  at  high  gate  voltages  which  detracts 
from  the  enhanced  SiGe  p-channel  performance.  An 
n+  poly  Si  gate  with  a  B-doping  layer  below  the  chan¬ 
nel  to  adjust  the  threshold  voltage  is  one  possible  sol¬ 
ution  to  the  problem  of  parallel  conduction  [2]. 

Considering  0.1  pm  technology  the  value  of  x  in  the 
active  p-channel  Sii-.xGeA.-layer  must  yield  a  low  field 
300  K  mobility  in  the  range  of  300-500  cm2  V^1  s  1  at 


an  effective  (vertical)  field  of  1  MV  cm-1  to  be  of  con¬ 
sequence,  and  the  SiGe  layer  must  be  able  to  withstand 
CMOS  process  thermal  budgets.  We  anticipate  such 
mobility  enhancements  for  x  =  0.4  as  material  quality 
improves.  Our  optimism  is  based  on  the  results  of  cal¬ 
culations  shown  in  Table  1.  The  interface  roughness, 
alloy  and  acoustic  phonon  scattering  mobilities  have 
been  obtained  for  a  strained,  *  =  0.4  alloy  of  thickness 
5  nm  corresponding  to  the  Matthews-Blakeslee  equili¬ 
brium  critical  thickness,  by  scaling  of  the  calculations 
of  Laikhtman  and  Kiehl  [3],  using  what  we  believe  are 
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Fig.  3.  Available  experimental  data  on  300  K  hole  effective  mobilities  obtained  in  pseudomorphic  Si/Si KvGev/Si  structures  plotted 
against  effective  field  (£cfr)  (see  text).  All  data  refer  to  buried  SiGe  channels  except  for  the  IBM  sample  where  the  gate  dielectric 
was  produced  by  plasma  oxidation.  The  alloy  composition  in  the  Toronto/HP  sample  was  graded.  The  squares  refer  to  modu¬ 
lation-doped  structures.  The  bars  indicate  the  range  of  EcfT  values  present  in  micropower,  1  and  0.1  pm  CMOS  technologies  E  is 
defined  in  Refs.  [19,20]. 


more  realistic  values  of  the  acoustic  phonon  scattering 
potential  and  effective  mass  [4].  The  non-polar  optical 
phonon  scattering  is  a  worst  case  calculation,  again 
based  on  the  LK  paper,  but  with  complete  relaxation 
of  the  selection  rule  which  would  otherwise  forbid 
intra-subband  NPO  phonon  scattering.  These  figures 
suggest  that  interface  micro-roughness  typical  of  that 
currently  seen  in  SiGe/Si  structures  is  the  major  factor 
limiting  carrier  mobility  in  samples  with  x  >  0.4.  In 
fact  the  roughness-limited  mobility  is  almost  certainly 
an  underestimate  being  based  on  roughness  associated 
fluctuations  in  energy  eigenvalues  in  a  rectangular  well, 
whilst  neglecting  comparable  contributions  due  to 
roughness-induced  fluctuations  in  strain  and  coulomb 
potential  [5]  and  also  the  influence  of  roughness  at  the 
nearby  Si02/Si  interface.  Improvements  in  heterointer¬ 
face  quality,  grading  of  Ge  concentration  and 
increased  alloy  thickness  values  could  make  for  sub¬ 
stantial  gains  in  mobility.  There  has  been  some  contro¬ 
versy  over  the  magnitude  of  alloy  scattering  in  SiGe 
but  work  by  The  University  of  Warwick  suggests  it  is 
not  limiting  either  the  observed  low  temperature  or 


300  K  mobilities  in  these  structures  [1].  Erroneous  in¬ 
terpretation  of  experimental  data  on  alloy  scattering 
and  mobilities  in  SiGe  has  occurred  because  a  Hall 
scattering  factor  (r)  of  unity  has  been  assumed, 
whereas  McGregor  et  al.  [6],  for  example,  have 
recently  shown  that  r  «  0.3  at  300  K  in  an  x  =  0.2 
alloy.  A  further  problem  concerns  the  long  range 
(100  nm)  roughness  which  develops  on  the  surface  of 
the  compressively  strained  SiGe  layer  during  epitaxial 
growth  and  which  is  not  compatible  with  a  planar 
technology,  (see  Fig.  2a).  We  have  adopted  a  new 
approach  in  which  a  strained  SiGe  layer  (x  =  0.36)  is 
grown  epitaxially  and  capped  with  a  10  nm  silicon 
layer  at  a  low  growth  temperature  (450°C)  [7].  This 
yields  a  planar  interface  on  the  100  nm  scale  and,  fol¬ 
lowing  a  high  temperature  (800°C)  anneal,  a  high 
mobility  hole  channel  in  the  SiGe  whose  planarity  and 
strain  are  preserved  (see  Fig.  2b).  Thermal  oxidation 
of  the  Si  layer  can  leave  a  very  thin  highly  planar 
(3  nm)  Si  cap  between  the  Si02  and  the  SiGe  as  shown 
in  Fig.  2c. 

Fig.  3  shows  all  the  available  data  [8-12]  on  effective 
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Fig.  4.  Experimentally  deduced  velocity-field  characteristic  of 
an  x  =  0.2  Si/Si  KvGeA./Si  p-channel  MOSFET  device,  com¬ 
pared  to  a  Si  pMOS  control.  Vertical  field  is  0.1  MV  cm-1. 

hole  mobilities  plotted  against  effective  (vertical)  field, 
E'efr,  for  fully  pseudomorphic  structures  of  nominally 


uniform  alloy  composition  (except  the  Toronto/HP 
sample)  produced  by  epitaxial  growth,  compared  to 
mobilities  observed  at  the  unstrained  Si/Si02  interface. 
Clearly,  enhancements  are  now  being  obtained  through 
the  use  of  SiGe  but  much  of  this  is  recent  work  and 
improvements  in  material  quality  and  heterostructure 
design  should  see  further  substantial  increases.  Most 
significant  is  the  factor  of  2  improvement  seen  by 
Siemens  [8]  at  high  Eeff  values  for  x  -  0.5.  Some  of 
the  data  presented  in  Fig.  3  (including  that  of  Siemens) 
are  symptomatic  of  a  contribution  from  parasitic  con¬ 
duction  in  the  Si  cap  layer  at  high  Eeff  values. 
Commensurate  enhancements  in  the  hole-velocity  field 
characteristics  have  also  been  observed  in  an  x  =  0.2 
MOS  structure  (see  Fig.  4)  [13].  These  experimental 
results  suggest  a  saturation  velocity  in  Si0.8Ge0.2  pMOS 
equal  to  or  in  excess  of  that  in  Si  pMOS.  (see  also,  the 
implications  for  device  performance,  discussed  in 
Section  3.) 

3.  SiGe  HCMOS  on  virtual  substrates 

A  more  ambitious  SiGe  HCMOS  technology 
involves  driving  up  the  n-channel  performance  using 
tensile-strained  silicon,  with  a  comparable  p-channel 


Fig.  5.  Available  experimental  data  on  300  K  electron  effective  mobilities  in  strained  Si  grown  on  virtual  substrates  with  terminat¬ 
ing  composition  Sii_;.Ger  The  upper  section  shows  mobilities  at  remote  doped  hetero-interfaces  and  the  lower  section  refers  to 
oxide-gated/(tensile  strained)  Si  interfaces.  I  denotes  ‘inverted’  modulation-doped  structure  (doping  supply  layer  below  strained  sili¬ 
con)  and  N  denotes  ‘normal’  case  (doping  above  silicon).  The  oxide-gated  structures  are  operated  in  the  inversion  mode. 
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Effective  Field,  Eeff  (MV/cm) 

Fig.  6.  Available  experimental  data  on  300  K  hole  effective  mobilities  in  compressively  strained  Sii_YGeY  and  tensile  strained  Si 
grown  on  virtual  substrates  with  terminating  composition  Sij.^Ge^.  The  upper  section  shows  mobilities  for  remote-doped  hetero- 
interfaces  and  the  lower  section  for  oxide-gated/(tensile  strained)  Si  interfaces.  I  denotes  inverted  and  N  denotes  normal  interface. 
The  oxide-gated  data  refer  to  inversion  layers. 


performance  obtained  possibly  using  the  same  Si-chan¬ 
nel  or  a  strained  channel  of  high  Ge  content  (not 
excluding  pure  germanium).  Here,  a  relaxed  strain-tun¬ 
ing  SiGe  ‘virtual  substrate’  (VS)  needs  to  be  formed  on 
a  silicon  wafer  prior  to  formation  of  the  active  chan¬ 
nel.  The  VS  is  formed  by  grading  the  germanium  com¬ 
position  (y)  from  y  —  0  at  the  silicon  substrate  to  a 
terminating  composition  typically  of  y  =  0.3,  but  up 
to  y  —  0.7  for  a  pure  germanium  strained-channel.  In 
order  for  such  a  process  to  be  considered  by  MOS  ap¬ 
plications  engineers  the  VS  should  have  no  detrimental 
influence  on  device  performance  or  reliability,  be  able 
to  withstand  subsequent  processing  and  be  economic 
to  produce. 

Calculations  of  the  electron  mobility  in  biaxial  ten¬ 
sile  strained  silicon  have  been  carried  out  for  y  =  0.3 
[14].  Electrons  have  m*  =  0.2  m0  and  the  degeneracy 
splitting  of  the  conduction  band  suppresses  f-phonon 
(intervalley)  scattering,  leaving  only  g-phonon  scatter¬ 
ing  between  two  valleys,  leading  to  predicted  300  K 
mobilities  at  £^=0.5  MV  cm"1  of  4000  cm2  V"1 
s"1 — around  six  times  that  in  ordinary  Si-n  MOS.  The 
calculation  assumes  no  interface  scattering — a  reason¬ 
able  approximation  when  tensile  strained  silicon  is 


capped  with  a  Si0.7  Ge0.3  layer.  On  the  other  hand, 
interface  roughness  will  be  important  when  capped 
with  Si02.  Calculations  of  the  hole  mobilities  in  tensile 
Si  have  only  been  made  for  the  bulk  3D  case  for 
which  a  strong  enhancement  factor  is  indicated  [15]. 
Preliminary  experimental  work  suggests  that  mobilities 
up  to  2000  cm2  V-1  s-1  at  iseff=  0.5  MV/cm  are  likely 
in  high  Ge  content  layers  [16].  Here  again  kinetically 
or  stress-induced  roughness  could  be  a  dominant  influ¬ 
ence  especially  for  transport  at  the  normal  heterointer¬ 
face. 

All  the  available  data  on  electron  and  hole  mobilities 
in  VS  structures  are  presented  in  Figs.  5  and  6,  again 
compared  to  mobilities  at  the  conventional  Si/Si02 
interface  [1,12,15-20].  The  majority  of  the  measure¬ 
ments  have  been  made  on  modulation  doped  (MD) 
structures  where  the  carriers  are  produced  from  a 
remote  doping  layer  incorporated  during  epitaxial 
growth  and  reside  at  the  Si/SiGe  heterointerface.  The 
E'eff  values  for  MD  structures  have  been  calculated 
assuming  reasonable  values  for  background  doping 
(10 16  cm  3).  It  is  evident  the  MD  structures  values 
show  the  largest  enhancements,  albeit  at  low  Ecff 
values,  with  up  to  a  factor  of  five  for  electron  mobili- 
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SiGe  /  0.3  SiGe  /  0.3 


p-channel  n-channel 

Fig.  7.  Schematic  of  various  process  options  for  full  HCMOS  on  a  blanket  coverage  virtual  substrate  with  terminating  composition 
y  =  0.3:  (a)  involves  separate  selective  epitaxial  depositions  for  the  n-  and  p-channel  devices  after  formation  of  deep  n-  and  p-wells; 
(b)  involves  growth  of  a  stacked  p-channel/n-channel  structure,  followed  by  selective  etching  to  remove  the  n-channel  layers,  hence 
revealing  the  p-channel  device.  The  p+  +  layer  can  be  used  for  isolation  or,  (c)  the  n-  =  channel  is  formed  at  the  (tensile  strained) 
Si/Si02  interface;  (d)  similar  to  (c)  but  both  n-  and  p-channels  are  formed  at  the  (tensile  strained)  Si/Si02  interface. 

ties  and  ten  for  holes.  Only  a  few  studies  have  been  channels  referred  to  in  Section  2  [15].  A  further  possi- 

made  on  oxide-gated  structures  and  these  were  mostly  bility  is  that  whereas  most  of  the  silicon-layer  may  be 

for  conduction  at  the  Si/Si02  interface.  The  compara-  strained,  there  could  be  some  reduction  at  the  Si/Si02 

tively  low  electron  and  hole  mobilities  can  possibly  be  interface.  Nevertheless,  it  is  clear  from  the  figures  that 

attributed  to  the  presence  of  oxide  interface  charge,  Si/  mobility  enhancements  of  more  than  a  factor  two  at 

Si02  interface  roughness,  strain  reduction  during  pro-  high  Ee ff  values  should  be  possible  for  both  electrons 

cessing  and  parasitic  conduction.  Also,  we  would  not  and  holes  if  the  processing  challenges  can  be  met. 

expect  the  hole  effective  masses  in  tensile  strained  sili-  There  have  been  several  proposed  designs  for  a  VS- 

con  to  be  as  low  as  in  the  compressively  strained  SiGe  based  HCMOS  [20]  and  undoubtedly  the  optimum 
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(relaxed  Si0  7Ge0  3  buffer) 


Fig.  8.  Schematic  of  a  stacked  Si/SiGe  HCMOS  technology  showing  the  n-  and  p-channel  device  layout  (top)  and  the  n-  and  p- 
channels  formed  in  the  layer  sequence  by  applying  symmetric  gate  biases  just  above  threshold  (bottom). 


process  would  be  to  use  the  tensile  strained  Si/oxide 
interface  for  both  the  n-  and  p-channel  devices  (see 
Fig.  7  d)  since  this  has  the  greatest  simplicity  and 
maximum  gate  capacitance.  However,  oxidation- 
induced  interfacial  roughness  must  not  be  allowed  to 
compromise  the  carrier  transport  (possibly  by  using  a 
deposited  oxide)  and  there  is  uncertainty  as  to  the 
maximum  hole  mobility  achievable  in  tensile  strained 
Si.  Use  of  oxide-gated  buried  Si/SiGe  hetero-interfaces 
for  both  the  n  and  p  channels  may  be  beneficial  in 
reducing  interface  scattering  but  gate  capacitance  will 
be  reduced.  In  this  case  optimum  performance  might 
be  obtained  when  the  p-  and  n-channel  devices  are  sep¬ 
arately  processed  as  shown  in  Fig.  7a. 

Anticipating  the  day  when  carrier  mobilities  at  high 
vertical  fields  might  match  those  in  MD  structures 
Armstrong  and  co-workers  [21]  have  proposed  and 
modelled  the  stacked  CMOS  hetero structure  for  digital 
applications  shown  in  Fig.  8 — and  their  results  are 
revealing.  The  structure  involves  a  planar  design  and 
uses  an  n-type  delta-doped  layer  to  bend  the  energy 
band  so  as  to  avoid  inversion  of  the  low  mobility  sur¬ 
face  channel.  A  p+  polysilicon  gate  is  used  for  each 
device  and  shallow  trench  isolation  (STI)  is  used  to 


avoid  prolonged  high-temperature  processing  which 
could  give  rise  to  strain  relaxation  and  diffusion.  Both 
devices  operate  in  the  enhancement  mode,  and  have 
channel  lengths  of  0.2  pm  and  gate  oxide  thicknesses 
of  5  nm.  The  authors  assume  low-field  mobilities  of 
2500  cm2  V-1  s-1  and  800  cm2  V-1  s-1  for  SiGe 
HnMOS  and  HpMOS  respectively,  and  that  the  satur¬ 
ation  velocities  are  equal  to  107  cm  s_1,  the  value  for 
bulk  (unstrained)  Si.  Factors  of  1.23  and  2.25  increases 
are  predicted  for  nMOS  and  pMOS  current  drive  re¬ 
spectively,  with  proportional  increases  in  extrinsic 
transconductances.  In  addition  the  drain  currents  in 
the  Si/SeGe  devices  saturate  at  low  drain  biases,  0.4  V 
for  HnMOS  and  0.8  V  for  HpMOS.  This  cuts  down 
the  active  power  consumption  by  up  to  a  staggering 
factor  of  three  to  four.  The  high  carrier  mobilities  in 
the  HCMOS  structure  result  in  a  6.4  times  improve¬ 
ment  in  power-delay  product  at  a  stage  delay  of  28  ps 
for  the  unloaded  case  and  a  4.6  times  improvement  at 
a  delay  of  55  ps  for  the  loaded  case  compared  to  bulk 
Si.  The  minimum  delay  is  22  ps  for  unloaded  Si/SiGe 
CMOS  operating  at  1.5  V.  The  performance  advantage 
derives  largely  from  the  increased  current  drive  of  the 
Si/SiGe  pMOSFET.  CMOS  delay  depends  on  drive 
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[21].  To  date,  however,  there  has  been  very  little  pub¬ 
lished  on  either  the  designs,  or  performances  at  circuit 
level  of  systems  involving  SiGe  transistors. 

Clearly,  major  technological  challenges  remain,  not 
least  of  these  being  the  one  of  producing  a  commer- 
cially-viable  low-defect  strain-tuning  virtual  substrate. 
There  is  considerable  activity  world-wide  in  this 
regard,  and  several  recent  developments  indicate 
encouraging  progress  and  real  grounds  for  optimism. 
Hammond  et  al.  [22],  for  example  have  shown  that  by 
restricting  growth  to  small  areas  (i.e.  10  x  10  pm2) 
defined  by  mesas,  relaxed  defect-free,  linearly  graded, 
SiGe  can  be  obtained  with  smooth  surface  topography 
(see  Fig.  9). 


Fig.  9.  XTEM  of  a  graded  Sii_yGe;,  virtual  substrate  grown  at 
550°C  by  solid  source  MBE  with  x  varying  linearly  from  0.05 
to  0.23  over  500  nm  (G),  followed  by  a  uniform  (U)  200  nm 
Sio.77Geo.23  layer,  then  a  10  nm  (tensile  strained)  Si  layer  and 
topped  with  a  50  nm  uniform  Sio.77Geo.23  cap  layer:  (a) 
growth  on  Si  mesas  >  20  x  20  pm2  (including  blanket  cover¬ 
age)  showing  a  number  of  dislocation  pileups  and  a  dislo¬ 
cation  network  penetrating  deep  into  the  Si  mesa.  The  top 
surface  has  a  crosshatched  topography;  (b)  growth  on  a 
10  x  10  pm2  mesa — showing  a  threading  dislocation  network 
confined  to  the  graded  SiGe  region  and  no  evidence  of  thread¬ 
ing  components  penetrating  either  below  or  above  the  graded 
layer.  The  silicon  layer  is  highly  planar  and  the  topmost  sur¬ 
face  is  free  of  crosshatch. 


current,  so  it  is  encouraging  to  note  that  the  mobility 
gains  to  be  derived  from  SiGe  are  not  offset  by 
increases  in  threshold  voltage.  Crucially  the  off-state 
current  and  punchthrough  performance  should  not  be 
worse  than  bulk  silicon,  and  the  predicted  subthreshold 
swing  and  drain  induced  barrier  lowering  (DIBL) 
figures  are,  therefore,  similarly  encouraging. 
Simulations  of  how  mobility  improvements  impact  on 
analogue  performance  have  also  been  made  indicating 
that  increases  of  between  50%  (n-channel)  and  100% 
(p-channel)  in  /T  can  be  expected  for  VS-based  devices 


4.  Conclusions  and  outlook 

At  this  stage  we  can  be  confident  that  very  signifi¬ 
cant  performance  gains  in  Si  CMOS  can  be  accessed 
by  incorporating  high  mobility  Si/SeGe  channels  as 
part  of  the  vertical  architectures  of  the  p-  and  n-type 
devices.  Which  interface  is  optimum  for  CMOS — the 
buried  channel  heterointerface  or  the  semiconductor/ 
oxide  interface  remains  an  issue  and  further  investi¬ 
gations  of  oxide  formation  on  SiGe  heterostructures 
are  urgently  required.  Recent  studies  show  that  a  new 
enhanced  performance  CMOS  technology  can  be  pro¬ 
duced  in  current  and  future  generations  simply  by 
incorporating  a  thin  SiGe  layer  in  the  p-channel  device 
and  this  seems  to  be  the  first  entry  point  for  SiGe 
CMOS.  With  the  inevitable  advances  in  materials 
research,  virtual-substrate-based  MOS  technology 
promises  stunning  performance  improvements  impact¬ 
ing  on  all  applications  involving  CMOS  and  allowing 
Si-MOS  technologies  to  comfortably  access  huge  new 
markets  requiring  devices  and  circuits  operating  well 
into  the  GHz  regime. 
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Abstract 

This  paper  addresses  a  method  to  improve  the  linearity  characteristics  of  power  amplifiers  by  developing  a  PNP 
HBT  technology  and  combining  the  PNP  HBTs  with  NPN  HBTs  in  a  push-pull  amplifier.  InP-based  PNP  HBTs 
were  fabricated  with  h{e>  30,  BVECO  =  5. 6  V,  and  /T  and  /max  of  11  and  31  GHz,  respectively,  which  is  the  best 
reported  for  InAlAs/InGaAs  PNP  HBTs. 

Common-collector  push-pull  amplifiers  were  simulated  using  these  HBTs,  demonstrating  an  improvement  of 
14  dB  in  second  harmonic  content  under  Class  B  operation.  A  common-emitter  push-pull  amplifier  fabricated  with 
the  same  HBTs  demonstrated  the  best  IM3  (by  ~7  dBc)  and  smaller  second  harmonic  content  (by  ~9  dBc) 
compared  with  NPN  HBTs.  In  addition,  the  circuit  produced  1.32  dBm  more  output  power  than  the  NPN  HBT 
alone  at  1  dB  of  gain  compression.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 
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1.  Introduction 

Wireless  communication  systems  require  power 
amplifiers  with  high  linearity,  high  power-added  effi¬ 
ciency  (PAE),  and  high  power-handling  capability. 
HBTs  offer  this  capability,  and  AlGaAs/GaAs  devices 
have  already  been  introduced  in  wireless  systems. 
Another  promising  device  approach  is  InP-based 
HBTs,  which  have  demonstrated  very  good  high-fre¬ 
quency  performance  and  have  been  implemented  in 
various  integrated  circuits  for  electronic  and  optoelec¬ 
tronic  applications.  Their  power  capability  is  promis¬ 
ing,  with  power  levels  up  to  1.4  mW/pm2  reported  by 
the  authors  using  NPN  single  HBT  designs  [1]. 
Further  enhancement  is  possible  by  means  of  double 
heterojunction  designs,  and  a  power  density  of  3.6  mW/ 
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pm2  with  PAE  of  54%  at  9  GHz  has  been  reported 
with  the  latter  approach  from  Hughes  Research  Labs 
[2].  InP/InGaAs  HBTs  are  consequently  of  interest  for 
power  amplification  in  communication  systems. 

This  paper  addresses  another  method  to  improve 
power  performance  by  developing  a  PNP  HBT  tech¬ 
nology  and  combining  the  PNP  HBTs  with  NPN 
HBTs  in  a  push-pull  amplifier.  While  not  as  impress¬ 
ive  as  their  NPN  counterparts,  the  current  state-of-the- 
art  performance  for  PNP  HBTs  is  sufficient  for  appli¬ 
cations  up  to  X-band,  and  further  enhancement  in 
capability  can  be  achieved.  The  best-published  InAlAs/ 
InGaAs  PNP  HBTs  demonstrated  0  =  30, /T=  13  GHz, 
and  /max  =  35  GHz  as  reported  by  the  authors  [3], 
while  the  best-published  InP/InGaAs  PNP  HBTs  were 
reported  by  AT&T  with  0  =  20,  /r=ll  GHz,  and 
/max  =  25  GHz  [4j. 

Complementary  push-pull  amplifiers  have  several 
advantages  over  single-transistor  power  amplifiers,  and 
they  are  much  simpler  to  design  than  NPN-only  push- 


0038-1 101/99/$  -  see  front  matter  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 
PII:  S0038-1  101(99)00096-9 


1508 


D.  Sawdai,  D.  Pavlidis  /  Solid-State  Electronics  43  (1999)  1507-1512 


pull  amplifiers.  Since  the  output  voltage  swing  is  gener¬ 
ated  across  two  transistors  in  the  push-pull  amplifier, 
approximately  twice  the  output  voltage  is  possible.  In 
addition,  push-pull  amplifiers  can  produce  linear  out¬ 
put  in  Class  AB  or  Class  B,  which  can  have  efficiencies 
as  high  as  78%.  To  achieve  the  same  linearity,  single 
transistor  amplifiers  must  operate  in  Class  A,  with  effi¬ 
ciency  limited  to  50%.  InP-based  HBTs  offer  an  ad¬ 
ditional  advantage  for  push-pull  operation:  the  turn¬ 
on  voltage  KBe  is  approximately  0.75  V,  versus  1.4  V 
for  GaAs-based  HBTs.  This  smaller  turn-on  voltage 
reduces  both  crossover  distortion  and  overall  power 
consumption. 

In  this  paper,  we  present  issues  and  results  on  comp¬ 
lementary  push-pull  circuits  fabricated  in  the  InP  ma¬ 
terial  system.  A  first  report  on  such  circuits  was 
recently  presented  by  the  authors  [5].  This  paper  pro¬ 
vides  further  details  on  their  design  and  performance. 
First,  device  results  are  presented  for  both  the  NPN 
and  the  PNP  HBTs  used  in  this  study.  Then,  simu¬ 
lations  of  complementary  amplifiers  are  presented  to 
demonstrate  the  advantages  of  push-pull  amplifiers. 
Finally,  the  results  from  a  hybrid  common-emitter 
push-pull  amplifier  are  presented  and  discussed. 


2.  Integration  of  NPN  and  PNP  HBTs 

Several  technologies  are  available  for  integrating 
NPN  and  PNP  HBTs  in  order  to  fabricate  circuits.  In 
the  InAlAs/InGaAs  material  system,  first  PNP  and 
then  NPN  HBT  layers  have  been  grown  uninterrupted 
on  a  mesa-patterned  substrate,  which  resulted  in  a  pla¬ 
nar  wafer  with  NPN  and  PNP  HBTs  after  device  fabri¬ 
cation  [6].  In  addition,  several  NPN/PNP  integration 
technologies  have  been  demonstrated  in  the  AlGaAs/ 
GaAs  material  system.  Hybrid  common-emitter  push- 
pull  amplifiers  using  6/  x  2  x  20  pm2  HBTs  have 
demonstrated  6  dB  of  gain,  0.5  W  of  output  power, 
and  42%  PAE  at  10  GHz  [7].  Selective  low-pressure 
OMVPE  has  also  been  used  to  create  monolithic  com¬ 
mon-emitter  push-pull  amplifiers  that  demonstrate 
power  combination  at  10  GHz  with  power  cancellation 
in  the  second  harmonic  [8].  Finally,  selective  MBE  has 
been  used  to  monolithically  create  common-collector 
push-pull  amplifiers  that  produce  7.2  dB  gain  and 
7.5  dBm  output  power  at  2.5  GHz  using 
4/x  3  x  10  pm2  HBTs  [9]. 

InP-based  HBTs  offer  several  advantages  over 
GaAs-based  HBTs  in  satisfying  the  requirements  of 
wireless  communications.  In  general,  the  improved  fre¬ 
quency  performance  of  InP-based  HBTs  produces 
higher  gain  at  high  frequencies.  The  lower  contact  and 
sheet  resistances  of  the  emitter  cap  and  subcollector 
layers,  along  with  the  smaller  offset  voltage  (0.2  V  vs 
0.4  V),  reduce  the  saturation  “knee”  voltage  of  InP- 


based  HBTs  and  allow  the  use  of  low- voltage  batteries. 
Since  InP  has  ten  times  smaller  surface  recombination 
velocity  than  GaAs,  the  current  gain  is  more  uniform 
with  bias,  which  should  produce  better  amplifier  linear¬ 
ity.  Less  surface  recombination  also  increases  the  gain 
of  large  power  HBTs  with  many  emitter  fingers  (large 
total  periphery),  and  it  also  allows  for  very  small 
HBTs  for  digital  applications.  Finally,  the  higher  ther¬ 
mal  conductance  of  the  InP  substrate  (0.7  W/cm-K,  vs 
0.5  for  GaAs)  allows  for  more  power  dissipation  in 
any  given  HBT  design.  InP-based  single  HBTs  do  suf¬ 
fer  from  low  breakdown  voltages,  typically  around  2 
to  7  V.  This  limitation  can  be  overcome  in  double 
HBTs  with  InP  collectors.  An  additional  benefit  of 
double  HBTs  is  that  the  offset  voltage  is  reduced  to 
almost  0  V. 


3.  InP-based  NPN  and  PNP  HBT  performance 

Both  the  NPN  HBTs  and  the  PNP  HBTs  used  in 
this  study  were  grown  and  fabricated  on  semi-insulat¬ 
ing  InP  wafers  at  The  University  of  Michigan.  The 
NPN  InP/InGaAs  epilayers  were  grown  using  an 
EMCORE  low-pressure  Metalorganic  Chemical  Vapor 
Deposition  system,  while  the  PNP  InAlAs/InGaAs  epi¬ 
layers  were  grown  by  solid-source  Molecular  Beam 
Epitaxy.  The  HBTs  were  fabricated  using  our  standard 
self-aligned  processes,  which  produce  a  0.2-pm  base 
contact-to-emitter  separation.  The  base-collector  ca¬ 
pacitance  was  minimized  by  using  the  base  contact  as 
a  self-aligned  etch  mask  for  the  base  mesa. 
Electroplated  gold  airbridges  were  used  to  connect  the 
HBTs  to  coplanar  interconnect  pads  for  off-wafer 
bonding  or  for  on-wafer  probing,  and  micro-trenches 
were  wet-etched  to  isolate  the  semiconductor  junctions 
under  the  airbridge  pads  from  the  intrinsic  HBTs. 
Detailed  HBT  results  from  these  NPN  [1]  and  PNP 
[10]  layers  can  be  found  elsewhere. 

The  HBTs  used  in  this  study  had  5  x  10  pm2  emit¬ 
ters.  The  NPN  HBTs  had  a  DC  small-signal  gain 
hk  >  70.  Their  maximum  collector  current  density  was 
about  Jc=lAx  105  A/cm2,  and  the  breakdown  for 
large  NPN  HBTs  was  as  high  as  BVCE0=-1.2  V.  Their 
optimal  /T  and  /max  were  97  and  51  GHz,  respectively, 
at  FCe  =  2.0  V  and  Ic  =  46  mA.  Similarly,  the  PNP 
HBTs  had  a  DC  small-signal  gain  hk>  30.  Although 
the  maximum  collector  current  density  was  about 
Jc~9  x  104  A/cm2,  the  current  gain  compressed 
rapidly  for  Jc>  5  x  104  A/cm2.  The  breakdown  for 
these  HBTs  was  BVEC  o  =  5.6  V  at  10  A/cm2. 
Microwave  measurements  resulted  in  optimal  fa  and 
/max  of  11  GHz  and  31  GHz,  respectively,  at 
Fec  =  4.0  V  and  7C=  11.7  mA. 

On- wafer  power  characterization  was  performed  at 
10  GHz  using  a  system  developed  in-house  with 
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Fig.  1.  Circuit  diagram  of  Class  B  push-pull  amplifier  with 
single  bias  supply  used  in  simulations. 

FOCUS  electromechanical  tuners  on  both  the  source 
and  the  load.  The  PNP  HBTs  were  characterized  using 
load  pull  techniques  and  demonstrated  a  small-signal 
gain  of  10  dB,  peak  power-added-efficiency  of  24%, 
and  maximum  output  power  density  of  0.49  mW/pm2 
[10].  These  characteristics  are  very  similar  to  the  NPN 
HBTs,  which  had  slightly  higher  gain  (+  ldB)  and  effi¬ 
ciency  (  +  5%)  but  produced  less  output  power  than 
the  PNP  HBTs  (— 3dBm).  Also  note  that  these  results 
are  very  similar  to  power  performance  published  for 
PNP  AlGaAs/GaAs  HBTs  [11]:  PoM  =  0.57  mW/(im2 
and  PAE  =  33%  at  10  GHz. 

Further  studies  of  the  PNP  HBTs  indicated  that  out¬ 
put  power  scaled  linearly  with  the  number  of  emitter 
fingers  up  to  10  fingers,  which  was  the  largest  HBT 
measured.  The  microwave  gain  was  constant  up  to  4 
emitter  fingers,  and  the  gain  degraded  by  3  dB  when 
the  number  of  emitter  fingers  was  increased  to  10. 
Finally,  common-base  PNP  HBTs  provided  3-6  dB 
more  gain  than  similarly  biased  common-emitter  PNP 
HBTs,  which  resulted  in  5%  higher  efficiency.  These 
results  confirmed  the  suitability  of  the  PNP  HBTs  for 
high-frequency  power  applications. 


4.  Push-pull  simulations  and  issues 

In  order  to  investigate  the  benefits  of  using  PNP 
HBTs  together  with  NPN  HBTs  in  various  integrated 
circuits,  the  large-signal  characteristics  of  several  NPN- 
only  and  complementary  amplifiers  were  simulated. 
For  these  simulations,  non-linear  large-signal  models 
were  extracted  for  the  HBTs  from  the  previous  section. 
These  extractions  accurately  reproduced  most  HBT 
characteristics  that  dominate  the  power,  efficiency,  and 
linearity  performance,  such  as  parasitic  resistances  and 
capacitances,  turn-on  voltage,  saturation  voltage,  Early 
effect,  gain  non-uniformity  with  /c,  and  base-collector 
breakdown.  These  large-signal  HBT  models  were  then 
used  in  all  of  the  circuit  simulations. 

The  first  circuit  investigated  was  a  Class  B  common- 
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Fig.  2.  Simulated  power  output  at  fundamental,  second,  and 
third  harmonics  for  Class  B  push-pull,  NPN-only,  and  PNP- 
only  amplifiers  at  1 .9  GHz. 


collector  push-pull  output  stage  (Fig.  1)  consisting  of 
one  NPN  and  one  PNP  HBT.  DC  blocking  capacitors 
were  used  to  allow  for  a  single  5.6-V  DC  power  supply 
to  the  circuit.  The  circuit  was  simulated  using  the  non¬ 
linear  HBT  models  in  the  time  domain  over  a  wide 
range  of  input  power  at  1.9  GHz.  The  results  were 
then  compared  to  similar  simulations  of  single  NPN 
and  PNP  common-collector  power  amplifiers  with  the 
base  unbiased  for  Class  B  operation.  For  the  individ¬ 
ual  NPN  and  PNP  amplifiers,  the  collector  was  biased 
through  an  RF  choke  to  a  single  1.8  Y  or  -3.8  V 
supply,  respectively,  which  gave  optimal  performance 
without  HBT  breakdown. 

The  input/output  power  characteristics  of  the  Class 
B  push-pull  amplifier  are  shown  together  with  those  of 
the  individual  HBTs  in  Fig.  2.  Since  the  DC  gain  of 
the  HBTs  is  low  at  very  small  bias,  the  microwave 
gain  for  the  Class  B  amplifiers  is  low  for  small  Pin. 
However,  as  Pin  increases,  self-biasing  causes  the  DC 
Ic  to  increase,  which  in  turn  increases  the  microwave 
gain  of  the  amplifier.  The  peak  gain  for  the  NPN  and 
PNP  amplifiers  were  12.4  and  3.5  dB,  respectively, 
with  the  push-pull  gain  at  an  intermediate  8.6  dB.  For 
larger  input  power,  the  waveform  peaks  pushed  the 
HBTs  into  saturation,  limiting  further  output  power. 
Note,  however,  that  the  maximum  output  power  from 
the  push-pull  circuit  was  roughly  3  dB  more  than 
from  the  individual  HBTs,  since  at  that  point  that  out¬ 
put  power  from  both  saturated  HBTs  in  the  circuit  are 
combined.  Although  its  higher  gain  gave  the  NPN 
amplifier  higher  PAE  at  low  Pin,  the  push-pull  ampli¬ 
fier’s  higher  saturated  Pout  allowed  it  to  achieve  the 
same  peak  PAE  as  the  NPN  amplifier  of  40%.  Note 
that  these  Class  B  circuits  are  off  and  consume  no  DC 
power  when  there  is  no  input  signal. 
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Fig.  3.  Circuit  diagram  of  Class  AB  push-pull  amplifier  used 
in  simulations. 


The  advantage  of  the  push-pull  amplifier  can  be 
seen  in  the  harmonic  content  of  the  signal  from  Fig.  2. 
At  the  beginning  of  Pout  saturation,  the  second  harmo¬ 
nic  content  of  the  output  of  the  NPN  and  PNP  ampli¬ 
fiers  are  both  —7  dBc.  The  theoretical  even-order 
harmonic  cancellation  in  the  push-pull  amplifier 
reduces  its  second  harmonic  content  to  -21  dBc. 
However,  since  the  odd-order  harmonics  do  not  inher¬ 
ently  cancel  in  push-pull  amplifiers,  its  third  harmonic 
shows  little  variation  from  the  NPN  and  PNP  ampli¬ 
fiers  at  similar  levels  of  self-biasing. 

The  second  circuit  investigated  is  a  Class  AB  version 
of  previous  circuit,  with  two  diode-connected  HBTs 


Pin  (dBm) 

Fig.  4.  Simulated  power  output  at  fundamental,  second,  and 
third  harmonics  for  Class  AB  push-pull,  NPN-only,  and 
PNP-only  amplifiers  at  1.9  GHz. 


between  the  bases  of  the  amplifying  NPN  and  PNP 
HBTs  for  biasing  (see  Fig.  3).  Two  resistors  and  two 
inductors  serve  to  bias  these  diodes.  This  Class  AB 
push-pull  amplifier  was  compared  to  Class  AB  single 
NPN  and  Class  AB  single  PNP  amplifiers,  both  which 
had  the  base  biased  by  a  similar  two-resistor  two- 
inductor  network. 

The  input/output  power  characteristics  of  the  Class 
AB  push-pull  amplifier  are  shown  together  with  those 
of  the  individual  HBTs  in  Fig.  4.  Since  the  Class  AB 
amplifiers  keep  the  HBTs  slightly  on  when  no  input 
signal  is  present,  the  low-gain  region  at  low  Ic  is 
avoided,  so  that  the  microwave  gain  is  almost  flat  for 
all  Pm  below  output  power  saturation.  This  microwave 
gain,  10.3/13.0/6.8  dB  for  the  push-pull/NPN/PNP 
amplifiers,  is  somewhat  higher  than  for  the  Class  B 
case.  Otherwise,  the  gain  of  the  Class  AB  amplifiers 
behave  similar  to  their  Class  B  counterparts.  Even 
with  no  input  signal  present,  the  Class  AB  amplifiers 
draw  significant  DC  power— for  example,  the  push- 
pull  circuit  draws  13.0  mW  through  the  bias  network 
and  12.0  mW  through  the  HBT  pair.  Therefore,  the 
Class  AB  peak  PAE,  36%,  is  slightly  lower  than  that 
of  the  Class  B  amplifier.  However,  the  PAE  for 
Pjn  <  +3  dBm  is  higher  for  the  Class  AB  amplifier 
than  for  Class  B  due  to  its  much  higher  gain. 

The  Class  AB  push-pull  amplifier  demonstrates  sec¬ 
ond  harmonic  cancellation:  -25  dBc  at  Pout  saturation, 
versus  -16  dBc  for  the  NPN  and  PNP  amplifiers.  The 
third  harmonic  is  also  reduced  from  -20  dBc  for  the 
NPN  and  PNP  amplifiers  to  -30  dBc  for  the  push- 
pull  amplifier  at  the  same  power  levels.  For  the  push- 
pull  amplifier,  the  second  harmonic  content  is  slightly 
reduced  (-4  dB)  when  moving  from  Class  B  to  Class 
AB,  while  the  third  harmonic  content  is  greatly 
reduced  (-14  dB)  due  to  the  elimination  of  the  cross¬ 
over  distortion. 

Similarly,  the  Class  AB  circuit  was  also  simulated 
using  large-signal  models  derived  from  published 
characteristics  of  typical  NPN  and  PNP  AlGaAs/GaAs 
HBTs  [12-14].  When  using  the  same  Fcc  =  6.2  V,  the 
peak  gain  of  the  GaAs-based  circuit  (7.7  dB)  was 
2.6  dB  less  than  the  InP-based  circuit,  primarily  due  to 
the  better  frequency  performance  of  the  InP  NPN 
HBT.  Both  the  larger  turn-on  voltage  and  the  larger 
knee  voltage  of  the  GaAs  HBTs  limited  the  output 
power  at  1  dB  of  gain  compression  to  12.7  dBm, 
which  is  3.1  dB  lower  than  for  the  InP  push-pull  cir¬ 
cuit.  This  reduced  Pout,  together  with  increased  power 
consumption  due  to  the  larger  turn-on  voltage,  limited 
the  GaAs-based  PAE  to  25%,  as  compared  to  the  InP- 
based  PAE  of  36%.  Although  these  results  do  not 
necessarily  reflect  the  full  potential  of  each  technology, 
since  they  are  based  on  typical  rather  than  optimized 
characteristics,  they  do  indicate  the  power  advantages 
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Fig.  5.  Micrograph  of  fabricated  NPN/PNP  push-pull  com¬ 
mon-emitter  amplifier. 


of  InP-based  HBTs  over  GaAs-based  HBTs  in  push- 
pull  amplifiers. 

The  InP-based  simulations  demonstrate  several  ad¬ 
vantages  of  the  push-pull  amplifiers  over  single-HBT 
amplifiers.  The  main  advantage  is  the  reduced  distor¬ 
tion  due  to  harmonic  cancellation,  which  ideally  would 
show  higher  improvements  if  the  NPN  and  PNP  HBTs 
were  better  matched  in  terms  of  gain.  Another  advan¬ 
tage  is  the  3-dB  increase  in  output  power,  which  is  pri¬ 
marily  achievable  due  to  the  5.6-V  supply  used  in  the 
push-pull  amplifier.  These  NPN  HBTs  have 
BVceo  =  1.2  V,  but  they  degrade  rapidly  when  conduct¬ 
ing  more  than  a  few  milliamps  for  VCe  >  3.0  V.  While 
the  push-pull  creates  up  to  4  V  of  Fce  across  the 
NPN  HBT  when  the  NPN  is  off  and  the  PNP  is  on, 
the  VCe  across  the  NPN  is  less  than  2.5  V  when  the 
NPN  is  on.  The  same  argument  also  holds  for  the 
PNP,  allowing  the  push-pull  circuit  a  greater  supply 
voltage  without  breakdown  and  hence  greater  output 
power  than  single-HBT  amplifiers. 

Both  Class  B  and  Class  AB  push-pull  amplifiers  had 
only  moderate  PAE  when  compared  to  the  theoretical 
maximum  of  78%  for  Class  B.  The  primary  limitation 
on  PAE  was  the  large  knee  voltage  for  the  HBTs:  0.5  V 
and  2.1  V  at  Ic  =  30  mA  for  the  NPN  and  PNP,  re¬ 
spectively,  which  together  reduced  the  available  output 
voltage  swing  from  the  5.6-V  DC  supply  to  3.0  V. 
Reducing  the  collector  and  emitter  parasitic  resistances 
will  reduce  the  knee  voltage,  especially  for  the  PNP. 
Also,  using  a  graded  emitter-base  junction  or  using  a 
large  bandgap  collector  can  reduce  the  offset  voltage, 
which  would  also  reduce  the  knee  voltage.  The  other 
limitation  is  the  low  gain  at  low  7C,  which  reduces  the 
gain  and  linearity  of  the  Class  B  amplifier.  Enhanced 
emitter-base  junction  designs  and  fabrication  technol¬ 
ogies  can  increase  the  gain  at  low  7c,  which  would 
enable  the  Class  B  amplifier  to  improve  its  linearity 
and  gain  while  maintaining  its  high  PAE. 


Fig.  6.  Measured  power  output  at  fundamental,  second  har¬ 
monic,  and  third-order  intermodulation  for  NPN  HBT,  PNP 
HBT,  and  push-pull  amplifier  at  8  GHz. 

5.  Push-pull  experiment 

In  order  to  verify  the  benefits  of  complementary 
technologies,  a  complementary  common-emitter  push- 
pull  amplifier  was  designed  and  fabricated  using  the 
NPN  and  PNP  HBTs  described  above.  Although  the 
common-collector  amplifier  with  single  bias  supply 
described  in  the  previous  section  would  be  used  more 
often  as  a  power  amplifier  in  a  real  communication 
system,  a  common-emitter  amplifier  with  four  bias 
supplies  was  fabricated  in  this  experiment.  The  com¬ 
mon-emitter  design  is  simpler  for  a  first-run  test,  and  it 
directly  demonstrates  the  advantages  of  complemen¬ 
tary  amplifiers. 

A  passive  coplanar  circuit  was  designed  and  fabri¬ 
cated  on  10-mil  alumina  substrates  to  permit  feeding 
of  NPN  and  PNP  common-emitter  HBTs  from  a  com¬ 
mon  input  signal  probe  (see  Fig.  5).  The  HBTs  were 
thinned  to  200  pm,  cleaved,  and  then  mounted  in  the 
circuits  on  the  alumina  substrates.  Gold  bond  wires 
connected  the  HBT  chips  to  the  electroplated  gold 
interconnects  on  the  circuit.  An  X-band  test  bench  was 
designed  for  a  variety  of  on-wafer  measurements  on 
the  push-pull  amplifier. 

The  circuit  characteristics  were  measured  at  8  GHz 
with  both  NPN  and  PNP  in  Class  A  (7co  =  20.3  mA 
and  11.6  mA,  respectively).  The  input  versus  output 
power  curves  are  shown  in  Fig.  6,  which  also  shows 
the  power  output  at  the  second  harmonic  for  single¬ 
tone  excitation  and  the  third-order  intermodulation 
(IM3)  power  output  for  two-tone  excitation  at  500  kHz 
separation.  Note  that  for  the  circuit,  this  graph  shows 
the  total  power  input  to  the  circuit  and  total  power 
output  from  the  circuit;  therefore,  each  HBT  in  the  cir¬ 
cuit  is  receiving  half  of  the  input  power.  The  data  for 
the  individual  HBTs  were  measured  independently  for 
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each  HBT.  At  1  dB  of  gain  compression,  the  NPN  and 
PNP  HBTs  produced  7.7  and  7.5  dBm  of  output 
power,  respectively,  while  the  circuit  produced  9.0 
dBm.  This  ~1.4  dB  increase  in  output  power  is  limited 
by  the  gain  mismatch  between  the  NPN  and  the  PNP 
HBTs;  when  the  circuit  is  at  1-dB  compression 
(Pin =  +0.9  dBm),  each  HBT  receives  —2.1  dBm  input 
power,  causing  the  high-gain  NPN  to  be  over-satu¬ 
rated  and  the  low-gain  PNP  to  be  under-saturated.  If 
the  HBTs  were  perfectly  matched,  both  HBTs  would 
produce  the  same  gain  and  saturate  at  the  same  Pin, 
which  would  result  in  3  dB  increase  in  output  power 
for  the  push-pull  circuit.  Note  that  the  simulations  do 
demonstrate  the  full  3  dB  increase  in  output  power, 
mainly  due  to  the  different  bias  scheme  used  there. 

Fig.  6  also  demonstrates  the  improvements  in  linear¬ 
ity  for  the  circuit  when  compared  to  the  NPN  HBT 
alone.  At  the  highest  power  levels  measured,  the  circuit 
demonstrated  less  IM3  (by  ~7  dBc)  and  smaller  second 
harmonic  content  (by  ~9  dBc)  when  compared  to  the 
NPN  HBT.  These  numbers  indicate  an  advantage  for 
the  push-pull  circuit  even  under  Class  A  operation. 

6.  Conclusions 

In  this  paper,  we  present  the  characteristics  of  PNP 
InP-based  HBTs,  simulated  results  on  complementary 
push-pull  HBT  amplifiers,  and  first  results  on  the  im¬ 
plementation  of  similar  complementary  HBT  ampli¬ 
fiers.  The  PNP  HBTs  demonstrated  10  dB  of  gain  and 
output  power  that  scaled  well  with  HBT  area  at 
10  GHz.  Both  the  simulations  and  experiments  demon¬ 
strate  an  improvement  to  the  linearity  characteristics 
of  NPN  HBT  amplifiers  by  including  a  PNP  HBT  in  a 
push-pull  configuration.  Simulations  also  indicate  that 
reducing  the  parasitic  emitter  and  collector  resistances 
can  substantially  improve  the  amplifier  efficiency,  and 
more  advanced  emitter-base  junction  designs  can 
increase  the  gain  and  linearity  of  Class  B  amplifiers. 

Such  complementary  amplifiers  could  lead  to 
improved  wireless  communication  systems.  The  high 
efficiency  and  Class  B  operation  increases  battery  life, 
and  the  decreased  harmonic  distortion  allow  the  use  of 
popular  modulation  techniques  with  reduced  signal 
bandwidth,  such  as  QPSK.  In  addition,  integration  of 
NPN  and  PNP  HBTs  offers  other  benefits,  such  as 
higher  gain  and  less  power  consumed  in  small-signal 
amplifier  stages  through  the  use  of  active  loads. 
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Abstract 

We  developed  0.5  pm-gate  77  K  analog  monolithic  HEMT  amplifier  that  is  to  be  used  in  an  interface  from  a 
Josephson  IC  to  a  semiconductor  IC.  The  HEMT  was  built  from  InGaP/InGaAs/GaAs  materials  that  provide  a 
stable  system  at  77  K.  The  amplifier  includes  a  differential  amplifier  as  its  first  stage  to  cancel  out  ground  level 
fluctuations  in  the  Josephson  IC,  and  high  gain  source-grounded  amplifier.  An  output  of  0.7  Vp.p  was  obtained 
from  a  complementary  input  signal  of  30  mVp_p,  3  Gbit/s,  that  was  in  RZ  format.  We  successfully  used  this  HEMT 
amplifier  for  transferring  a  voltage  signal  from  10-stack  Josephson  high-voltage  drivers  to  a  room  temperature  50  H 
system  with  an  amplitude  of  0.7  Vp_p  and  a  clock  frequency  of  300  MHz.  ©  1999  Elsevier  Science  Ltd.  All  rights 
reserved. 


1.  Introduction 

Josephson  junction  devices  offer  such  desirable  fea¬ 
tures  as  fast  switching  speed  and  extremely  low-power 
dissipation.  However,  it  is  difficult  to  construct  a  large- 
scale  system  that  would  be  based  on  this  technology 
because  of  difficulties  in  large  scale  integration. 
Creating  hybrid  system  combining  Josephson  and 
semiconductor  devices  is  a  realistic  approach  to  con¬ 
structing  a  Josephson  system  for  practical  use.  A 
hybrid  system  would  make  it  possible  to  exploit  both 
the  high-speed  processing  capabilities  of  Josephson  cir¬ 
cuits  and  the  large-scale  processing  capability  of  semi¬ 
conductor  circuits  concurrently.  For  example,  a  group 
at  UC  Berkley  proposed  a  CMOS  memory  with  high¬ 
speed  superconducting  current  sensor  [1]  and  CMOS 
calibrated  Josephson  A/D  converter  [2].  Tahara  pro¬ 
posed  and  tested  a  high-speed  superconductive  inter¬ 
connection  network  circuit  which  works  as  a  data 
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switching  system  between  room-temperature  silicon 
processor  elements  [3].  However,  the  output  voltage  of 
Nb-based  Josephson  device  is  only  2.8  mV,  while 
room-temperature  semiconductor  operation  requires 
an  operational  voltage  from  at  least  several  hundreds 
of  millivolts  up  to  1  volt.  Therefore,  it  would  be 
necessary  to  increase  the  output  voltage  from  the 
Josephson  device  by  more  than  two  orders  of  magni¬ 
tude.  Some  Josephson-semiconductor  interface  circuits 
have  been  proposed  and  developed  [4,5]  to  date. 
Suzuki  built  a  first  interface  circuit  using  a  Josephson 
high-voltage  driver  and  a  commercial  GaAs  compara¬ 
tor  [4].  However,  his  group  needed  104  Josephson 
junctions  to  drive  the  comparator,  which  caused  an 
increase  of  power  consumption  in  liquid-helium,  and 
the  clock  frequency  of  this  device  was  limited  to  value 
below  1  GHz  due  to  a  deterioration  of  the  input  sensi¬ 
tivity  of  the  comparator.  The  purpose  of  our  work  was 
to  develop  high-performance  output  interface  circuits 
that  would  be  able  to  transfer  the  voltage  signal  from 
Josephson  circuits  to  semiconductor  circuits  at  the 
speeds  that  current  GHz  clocks  require. 
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Fig.  1.  Concept  of  the  output  interface  circuit  we  propose, 
which  provides  an  interface  between  the  output  of  a 
Josephson  IC  to  a  semiconductor  IC. 

2.  Interface  configuration 

It  is  difficult  to  amplify  the  2.8  mV  output  voltage 
signal  from  a  Josephson  IC  when  using  only 
Josephson  devices  or  semiconductor  transistors  that 
run  at  a  clock  rate  comparable  to  that  for  Josephson 
circuits  (1-3  GHz  [6]).  For  this  reason,  we  propose  the 
output  interface  circuit  illustrated  in  Fig.  1 .  The  circuit 
combines  4.2  K  Josephson  high-voltage  drivers  [4]  with 
a  77  K  analog  HEMT  monolithic  amplifier.  A 
Josephson  driver  with  10  stacks  boosts  the  signal  vol¬ 
tage  from  2.8  to  28  mV,  and  the  HEMT  amplifier  con¬ 
verts  the  voltage  from  28  mV  to  nearly  1  V,  which  is 
sufficient  for  driving  semiconductor  devices  at  room 
temperature.  This  way,  we  gain  both  the  features  of 
high  voltage-gain  and  of  high  frequency  operation. 
HEMT  device  technology  was  employed  for  its  su¬ 
perior  high-speed  performance.  We  choose  the  oper¬ 
ational  temperature  of  the  interface  circuits  of  77  K 

(i) to  suppress  power-consumption  in  liquid-helium, 

(ii) to  prevent  direct  thermal  flow  from  room-tempera¬ 
ture  to  the  liquid-helium  environment  through  signal 
cables,  (iii)to  enhance  HEMT  performance,  and  (iv)in 


anticipation  of  future  77  K  superconducting  elec¬ 
tronics. 

We  used  a  system  of  InGaP/InGaAs/GaAs  pseudo- 
morphic  materials  for  HEMT  since  such  systems  are 
free  of  DX  centers  and  show  no  instabilities  at  77  K. 

To  construct  77  K  analog  HEMT  amplifiers,  we 
employed  the  basic  wide-band  circuit  configuration 
shown  in  Fig.  2.  It  includes  a  differential  amplifier  with 
complementary  input  ports  and  50  Q  termination  resis¬ 
tors  as  a  first  stage,  4-stage  high-gain  single-ended 
amplifiers,  and  an  output  buffer.  A  differential  ampli¬ 
fier  with  complementary  inputs  was  employed  to  cancel 
out  the  fluctuations  in  the  output  signal  voltage  that 
would  be  caused  by  ground-level  voltage  fluctuations 
in  AC  driven  Josephson  circuits. 


3.  Circuit  fabrication 

Fig.  3  shows  a  cross  section  of  the  InGaP/InGaAs/ 
GaAs  HEMT  amplifier  we  propose.  The  InGaP/ 
InGaAs/GaAs  epitaxial  layers  are  grown  by  OMVPE. 
The  heterostructures  consist  of  an  undoped  GaAs  buf¬ 
fer,  an  undoped  Ino.2Gao.8As  channel,  a  Si-doped  n- 
InxGai_xP  layers  and  a  Si-doped  n-G  a  As  cap  layer. 
The  cap  layer  contains  a  layer  that  acts  as  a  stopper 
for  the  recess  etching  process  so  as  to  obtain  a 
threshold  voltage  difference  for  depletion-mode  and 
enhancement-mode  devices.  The  doping  densities  in  the 
«-InGaP  layer  and  in  «-GaAs  are  both  2  x  1018  cm-3. 
The  device  fabrication  process  is  based  on  the  selective 
dry  recess  etching  technique  developed  at  our  labora¬ 
tories  [7].  It  consists  of  device  isolation  by  oxygen  ion 
implantation,  AuGe/Ni/Au  source  and  drain  metaliza- 
tion,  0.5  pm  Al  gate  metalization,  WSiN  resistor  layer 
formation,  SiON  insulation  layer  formation,  and  Ti/ 
Au  interconnection  layer  metalization.  The  Al-gate 
metal  layer  was  used  as  the  first  interconnection  layer 
as  well.  An  «-GaAs  cap  layer  in  the  gate  region  is 
removed  using  selective  dry  etching  before  gate  metal 


Differential  amplifier  4-stage  amplifier  Output  buffer 


Fig.  2.  Schematic  view  of  the  HEMT  analog  amplifier  that  is  to  be  used  for  the  Josephson-semiconductor  interface. 
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E-HEMT  D-HEMT  resistor  capacitor 


formation  is  initiated.  Capacitors  are  made  by  sand¬ 
wiching  the  SiON  layer  as  dielectric  material  between 
the  first  interconnection  layer  of  Al  and  the  second 
layer  of  Ti/Au. 

A  photograph  of  the  chip  is  shown  in  Fig.  4.  Total 
chip  size  is  1.75  x  6.375  mm. 


4.  Device  and  circuit  performance 

We  measured  the  DC  and  RF  performance  for  100- 
pm  wide  HEMTs.  Fig.  5  shows  drain  I-V  character¬ 
istics  of  an  E-mode  HEMT  at  room-temperature  and 
at  77  K.  The  sample  has  excellent  I-V  properties  with¬ 
out  showing  any  unstable  behavior  such  as  the  collapse 
of  current  which  often  occurs  in  AlGaAs/GaAs 
HEMTs.  The  5-parameters  of  the  E-mode  HEMT  are 
measured  in  the  range  from  0.2  to  20.2  GHz  with  a 
cryogenic  wafer  prober.  Fig.  6  shows  how  the  current 
gain  cutoff  frequency  (/T)  depends  on  the  drain  current 
for  a  drain  voltage  of  1  V.  Maximum  fT  was  41  GHz, 
which  is  about  20%  higher  than  at  room-temperature. 
Cutoff  frequencies  higher  than  40  GHz  were  main¬ 
tained  over  the  wide  drain  current  range  of  12-24  mA. 

Table  1  summarizes  the  performance  of  the  HEMT. 
InGaP/InGaAs  HEMTs  usually  have  a  larger  trans¬ 
conductance  than  AlGaAs/InGaAs  HEMTs,  since 
their  H-InGaP  supply  layer  can  be  thinner  while  main¬ 
taining  the  same  threshold  voltage  as  compared  to  an 
«-AlGaAs  HEMT.  This  results  in  a  high  voltage  gain 


Table  1 

Device  performance  of  a  0.5  pm-gate  InGap/InGaAs  E-mode 
HEMT 


77  K 

300  K 

T  ransconductance 

534  mS/mm 

432  mS/mm 

Transconductance  factor 

1.6  S/Vmm 

0.67  S/Vmm 

Threshold  voltage 

0.06  V 

-0.10  V 

Threshold  voltage  uniformity  o 

10  mV 

Fig.  4.  Photograph  of  the  chip  for  the  monolithic  HEMT  ana¬ 
log  amplifier. 


Fig.  5.  Drain  I-V  characteristics  of  an  100  pm  wide  E-mode 
InGaP/InGaAs  HEMT.  The  gate-to-source  voltage  is 
increased  in  0.1  V  steps  up  to  a  maximum  of  0.7  V.  (a)  at 
room-temperature  (b)  at  77  K. 
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Fig.  6.  Dependency  of  the  current  gain  cutoff  frequency  on 
the  drain  current  for  a  100  pm  wide  E-mode  HEMT  at  77  K. 


of  InGaP/InGaAs  HEMT  amplifiers.  The  standard  de¬ 
viation  of  the  room-temperature  threshold  voltage  on 
a  3"  wafer  is  as  low  as  10  mV,  which  demonstrates  the 
excellent  structural  uniformity  provided  by  our  crystal 
growth  technique  and  the  dry  recess  etching  process. 

The  amplifier  was  tested  at  77  K  using  cryogenic 
wafer  prober  with  microwave  probes.  The  probes  have 
a  pair  of  signal  pins  that  supported  frequencies  up  to 
40  GHz,  and  some  DC  bias  pins.  The  bias  pins  were 
grounded  at  the  base  of  the  needles  through  2200  pF 
capacitors  and  50  D  resistors  in  order  to  prevent  a  fluc¬ 
tuation  of  DC  bias  voltage.  The  amplifier  responds  in 
a  linear  fashion  over  an  input  voltage  range  from  0.4 


to  30  mVp_p,  and  output  saturated  at  about  0.7  Vp_p. 
The  voltage  gain  of  the  amplifier  at  3  GHz,  as  calcu¬ 
lated  in  the  linear  region,  was  23  dB.  The  output  wave¬ 
form  response  for  high-frequency  operation  was  also 
tested.  We  added  complementary  input  signals  which 
simulate  outputs  of  10-stack  Josephson  high-voltage 
drivers  to  the  two  input  ports.  Input  was  Return-to- 
Zero  (RZ)  format,  with  3  Gbit/s  and  223-l  PRBS,  and 
its  amplitude  was  30  mVp_p.  As  shown  in  Fig.  7,  the 
output  amplitude  reaches  0.7  Vp.p,  which  makes  it 
possible  to  drive  room-temperature  GaAs  DCFL  gates 
and/or  future  scaled  CMOS  gates. 


5.  Examination  of  an  interface  circuit 

The  operation  of  the  overall  interface  circuit  was 
examined  by  connecting  the  77  K  HEMT  amplifier  to 
liquid-helium  cooled  10-stack  Josephson  high-voltage 
drivers.  The  driver  was  fabricated  using  Nb/AlOx/Nb 
junction  technology.  The  experimental  setup  is  illus¬ 
trated  in  Fig.  8.  Complementary  input  signals  gener¬ 
ated  by  a  room-temperature  pattern  generator  were 
applied  to  two  Josephson  chips.  The  output  signal  of 
the  drivers  were  sent  to  two  input  terminals  of  the 
HEMT  amplifier,  which  was  kept  at  77  K,  via  coaxial 
cables  which  were  at  room  temperature.  The  repetition 
frequency  was  300  MHz,  which  was  limited  by  cross- 


1200  mV 


H* - 

200  ps 


Fig.  7.  Output  waveform  of  the  HEMT  amplifier  at  3  Gbit/s.  The  input  signal  of  30  mVp_p  is  applied  to  a  single  port  in  differential 
inputs. 
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Fig.  8.  Experimental  setup  for  testing  the  operation  of  the  entire  interface. 


i  500  mV 

2  ns 

Fig.  9.  Output  waveform  of  the  interface  system  illustrated  in  Fig.  8  at  room  temperature. 


talk  between  the  signal  lines  in  a  chip  holder  which 
was  kept  in  liquid  He.  Fig.  9  shows  the  waveform  of 
the  output.  The  amplitude  of  the  output  signal  reached 
0.7  Vp_p.  Since  we  confirmed  by  circuit  simulations 
that  Josephson  high-voltage  drivers  operate  at  several 
gigaherz,  we  conclude  that  our  interface  circuit  can 
indeed  transfer  a  high-speed  voltage  signal  from 
Josephson  circuits  to  a  device  at  room  temperature 
with  an  amplitude  of  0.7  Vp_p. 


6.  Conclusion 

We  were  the  first  to  develop  high-speed  interface  cir¬ 
cuit  that  is  a  combination  of  4.2  K  Josephson  high-vol¬ 
tage  drivers  and  a  77  K  analog  HEMT  amplifier.  We 
employed  a  basic  wide-band  circuit  configuration  for 
the  77  K  analog  HEMT  amplifier,  which  consists  of  a 
differential  amplifier  with  complementary  input  and 
high-gain  single-ended  amplifiers.  We  successfully 
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demonstrated  that  this  circuit  can  transfer  the  voltage 
signal  from  a  10-stack  Josephson  driver  to  a  room- 
temperature  device  at  an  amplitude  of  0.7  Vp.p. 
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Abstract 

The  recess  gate  region  of  0.1  pm-gate  InGaAs/AlGaAs  HEMT  is  anomalously  etched  during  the  deionized  water 
rinsing.  When  the  Au-based  ohmic  electrodes  and  GaAs  on  recess  gate  region  are  simultaneously  exposed  to 
deionized  water,  the  electro-chemical  etching  occurs  resulting  in  a  non-flat  recessed  gate  profile.  Also,  the  U-shaped 
etched  groove  is  formed  besides  the  Al/Ti  gate  after  the  lift-off  process  due  to  the  electro-chemical  etching  effect 
between  the  Al/Ti  and  GaAs.  Such  an  electro-chemical  etching  effect  is  strongly  related  to  dissolved  oxygen  in 
deionized  water,  which  causes  OH-  ion  by  the  electro-chemical  reaction  with  H2O.  The  reduction  of  dissolved 
oxygen  in  deionized  water  suppresses  the  electro-chemical  etching  phenomenon.  Using  the  deionized  water  with 
reduced  dissolved  oxygen,  device  performance  of  the  0.1  pm-gate  InGaAs/AlGaAs  HEMT  was  improved  and  the 
current  gain  cut-off  frequency  as  high  as  104  GHz  has  been  obtained.  ©  1999  Elsevier  Science  Ltd.  All  rights 
reserved. 


1.  Introduction 

Recently,  the  demand  on  high  speed  devices  operat¬ 
ing  at  mm-wave  frequencies  has  increased  because  of 
the  application  of  such  devices  in  high  capacity  optical 
fiber  communication  systems  and  the  mm-wave  wire¬ 
less  communication  systems.  Pseudomorphic  InGaAs/ 
AlGaAs  high  electron  mobility  transistors  (HEMTs) 
are  the  most  promising  devices  for  these  applications 
because  of  their  excellent  high  frequency  performance 
[11- 

In  the  fabrication  of  the  monolithic  microwave  inte¬ 
grated  circuits  (MMICs)  based  on  such  HEMTs,  one 
of  the  most  important  fabrication  steps  is  the  gate 
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recess  etching  process.  In  order  to  obtain  the  designed 
device  characteristics  with  a  good  uniformity,  the 
recessed  depth  and  shape  must  be  accurately  controlled 
[2,3]. 

Recently,  the  electro-chemical  etching  effect  during 
the  recess  etching  process  has  been  reported  to  produce 
significant  non-uniformity  in  the  recessed  gate  profile 
[4,5].  In  the  recess  etching  process  of  HEMTs,  the  elec¬ 
tro-chemical  potential  is  established  in  the  etching  sol¬ 
ution  between  the  n-type  GaAs  on  the  gate  region  and 
other  materials  such  a  Au  on  the  ohmic  electrode. 

It  has  been  also  reported  that  the  recessed  shape  of 
InAlAs/InGaAs  HEMT  is  strongly  affected  by  the 
ohmic  metal  structure  exposed  to  the  etching  solution 
because  the  electro-chemical  potential  depends  on  the 
chemical  nature  of  the  material  [6].  Therefore,  in  order 
to  suppress  the  electro-chemical  etching  effect  during 
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Fig.  1.  Cross-section  of  the  pseudomorphic  InGaAs/AlGaAs 
HEMT. 


the  recess  etching  process,  only  the  gate  region  to  be 
recessed  should  be  exposed  to  the  etching  solution. 
Other  regions,  including  the  ohmic  electrodes,  must  be 
covered. 

However,  we  found  that  the  electro-chemical  etching 
effect  also  occurs  during  the  deionized  water  rinse  pro¬ 
cess,  since  the  deionized  water  acts  as  an  electrolytic 
solution.  As  a  result  the  gate  recess  region  is  uninten¬ 
tionally  etched  even  before  the  recess  etching  [7,8]. 
This  electro-chemical  etching  in  deionized  water  results 
in  the  non-uniform  recessed  gate  depth  and  shape. 

This  paper  describes  the  mechanism  of  the  electro¬ 
chemical  etching  in  deionized  water,  which  seriously 
affects  the  device  performance. 


2.  Fabrication  process 

Fig.  1  shows  the  cross-section  of  the  0.1  pm-gate 
pseudomorphic  InGaAs/AlGaAs  HEMT  used  in  this 
study.  The  HEMT  structure  consists  of  a  100  nm 
GaAs/100  nm  AlGaAs  buffers,  10  nm  AlGaAs  doped 
layer  (3  x  1018  cm-3),  3  nm  AlGaAs  spacer,  10  nm 
InGaAs  channel,  5  nm  GaAs  spacer,  26  nm  AlGaAs 
doped  layer  (3  x  1018  cm-3),  50  nm  GaAs  Schottky 
layer  (3  x  1017  cm  3)  and  50  nm  GaAs  cap  layer 
(4  x  1018  cm-3).  All  the  layers  were  grown  by  molecu¬ 
lar  beam  epitaxy  (MBE)  on  a  semi-insulating  GaAs 
substrate. 

Fig.  2  shows  the  fabrication  process  of  the  HEMT. 
After  the  growth  of  the  heterostructure  by  MBE, 
device  region  was  isolated  by  the  oxygen  ion  implan¬ 
tation  at  the  acceleration  energies  of  80  and  160  keV. 


Then,  Au/Ni/AuGe  ohmic  metals  for  the  source  and 
the  drain  electrodes  were  deposited  and  alloyed  at 
420°C.  Next,  the  silicon  nitride  (Si3N4)  film  of  0.1  pm- 
thick  was  deposited  by  plasma  enhanced  chemical 
vapor  deposition  (P-CVD)  and  the  0.1  pm  resist  spa¬ 
cing  for  the  gate  pattern  was  formed  using  electron 
beam  lithography.  Si3N4  was  etched  by  reactive  ion 
etching  (RIE)  using  SF6  as  an  etching  gas  to  form  a 
0.1  pm  gate  opening  and  contact  pads  on  the  ohmic 
electrodes.  Next,  the  resist  pattern  for  the  top  portion 
of  the  T-shaped  gate  was  formed  using  i-line  lithogra¬ 
phy. 

The  recess  etching  was  performed  by  phosphoric 
acid  (H3P04)  and  hydrogen  peroxide  (H202)  based 
etchant  in  order  to  control  the  threshold  voltage  of  the 
device  using  the  Si3N4  opening  as  a  mask.  During  the 
recess  etching,  only  the  gate  recess  region  was  exposed 
to  the  etchant  and  the  other  regions  including  the 
ohmic  electrodes  were  covered  by  the  photo-resist. 
After  the  recess  etching,  Al/Ti  gate  electrodes  were 
evaporated  and  lifted  off  using  organic  solvents. 

In  order  to  observe  the  spatial  recessed  gate  profiles, 
atomic  force  microscopy  (AFM)  was  used.  After  the 
gate  formation,  transmission  electron  microscopy 
(TEM)  was  used  to  investigate  the  recessed  shape  hid¬ 
den  by  the  T-shaped  gate  electrode. 


3.  Electro-chemical  etching  phenomenon  in  deionized 
water 

After  the  recess  etching  process,  we  found  a  large 
difference  in  the  recessed  gate  profiles  measured  by 
AFM  between  the  devices  with  and  without  the  Si3N4 
opening  on  ohmic  electrodes.  As  shown  in  Fig.  3,  a 
flat  profile  was  obtained  for  the  device  without  the 
Si3N4  opening  on  the  ohmic  electrode.  On  the  other 
hand,  the  boundary  between  the  channel  region  and 
the  isolated  region  was  anomalously  etched  and  a  non¬ 
flat  profile  was  obtained  for  the  device  with  the  Si3N4 
opening  on  the  ohmic  electrode. 

Because  the  ohmic  electrodes  were  covered  by 
photo-resist  during  the  recess  etching  process,  there 
was  no  difference  in  the  pattern  geometry  between 
those  devices.  This  fact  suggests  that  the  non-flat  pro¬ 
file  of  the  recessed  gate  region  for  the  device  with  the 
Si3N4  opening  on  the  ohmic  electrode  was  formed 
before  the  recess  etching  process. 

The  only  wet  process  performed  before  the  recess 
etching  is  water  rinsing  for  5  min  after  the  resist 
removal  process  using  organic  solvents,  which  was  fol¬ 
lowed  by  RIE  of  Si3N4  film  to  form  the  gate  opening 
and  the  contact  pads  on  ohmic  electrodes.  The  water 
rinse  is  required  to  effectively  remove  the  contami¬ 
nation  caused  by  RIE  such  as  a  sulfur,  and  to  wash 
away  the  etching  residue  such  as  a  polymer.  It  is  quite 
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Fig.  2.  Fabrication  process  of  the  0.1  pm-gate  pseudomorphic  InGaAs/AlGaAs  HEMT. 


important  to  obtain  a  clean  GaAs  surface  by  water 
rinsing  in  order  to  perform  the  uniform  recess  etching. 
The  deionized  water  used  had  the  resistivity  of  18  MQ 
cm  and  the  dissolved  oxygen  concentration,  incorpor¬ 
ated  from  air,  of  8  ppm. 

Fig.  4  shows  the  profile  of  the  gate  region  after  the 
water  rinsing  for  5  min  followed  by  RIE.  It  was  found 
that  the  non-flat  recessed  profile  was  already  formed 
even  before  the  recess  etching.  The  etching  rate  by  the 
H3PO4  based  etchant  was  uniform  for  all  the  regions, 
and  the  anomalous  profile  itself  did  not  change  before 
and  after  the  recess  etching,  as  shown  in  Fig.  4.  We 
have  also  confirmed  that  the  non-flat  profile  was  not 
formed  only  by  the  organic  solvent  treatment  used  for 
the  resist  removal. 

Therefore,  it  is  clear  that  GaAs  on  the  gate  region 
was  anomalously  etched  during  the  deionized  water 
rinsing.  Since  the  non-flat  recessed  profile  was  observed 
only  for  the  device  with  the  Si3N4  opening  on  the 


ohmic  electrode,  this  phenomenon  can  be  understood 
as  the  electro-chemical  effect  in  deionized  water  for  the 
ohmic  electrode  and  GaAs  [9].  During  the  deionized 
water  rinsing  after  the  RIE  process,  the  ohmic  elec¬ 
trode  and  GaAs  are  simultaneously  exposed  to  deio¬ 
nized  water. 

This  electro-chemical  etching  phenomenon  is 
thought  to  be  related  to  the  electrical  properties  of 
GaAs  because  the  isolated  region  was  more  deeply 
etched  compared  with  the  channel  region.  Then,  the 
dependence  of  the  etching  depth  of  the  isolated  region 
after  the  deionized  water  rinse  on  the  condition  of  the 
oxygen  ion  implantation  was  investigated.  Fig.  5  shows 
the  dependence  of  the  etching  depth  of  the  isolated 
region  and  the  leakage  current  measured  between  two 
ohmic  electrodes  of  100  pm  wide  and  2  pm  gap  on  the 
oxygen  ion  implantation  dose.  The  deionized  water 
rinse  was  performed  for  5  min. 

It  was  found  that  the  leakage  current  was  minimum 
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Fig.  3.  Recessed  gate  profiles  measured  by  AFM  for  the 
HEMTs  with  and  without  Si3N4  opening  on  ohmic  electrodes. 
The  water  rinse  after  RIE  of  Si3N4  was  performed  for  5  min. 


at  the  dose  of  1-2  x  10 12  cm-2,  which  corresponds  to 
the  maximum  of  the  etching  depth  of  the  isolated 
region.  The  isolated  GaAs  by  the  oxygen  ion  implan¬ 
tation  behaves  like  p-type.  Therefore,  this  result  indi¬ 
cates  that  the  electro-chemical  etching  in  deionized 
water  is  enhanced  by  holes  in  GaAs. 


isolation  n-GaAs  isolation  masked 

region  region  region  region 


Fig.  4.  Profiles  of  gate  recess  region  after  deionized  water  rin¬ 
sing  and  recess  etching.  The  water  rinse  time  is  5  min. 


Based  on  the  results  mentioned  above,  the  etching 
mechanism  of  GaAs  in  deionized  water  is  graphically 
shown  in  Fig.  6.  Due  to  the  cathode  reaction  on  the 
ohmic  electrode,  OH-  ions  are  generated  from  the 
reaction  between  the  deionized  water  (H20)  and  the 
dissolved  oxygen  (02).  The  OH~  ions  generated  on  the 
ohmic  electrode  quickly  move  to  GaAs  surface  regard¬ 
less  of  the  high  resistivity  of  deionized  water,  because 
OH-  ions  in  water  can  move  by  the  exchange  of  an 
electron  through  the  hydrogen  bonds  between  H20 
molecules.  Therefore,  at  the  same  time  with  the  cath¬ 
ode  reaction,  the  anode  reaction  on  GaAs  surface  with 
OH-  ions,  oxidation  and  etching,  occurs.  Because 
holes  in  GaAs  enhance  the  anode  reaction,  the  isolated 
region,  which  behaves  like  a  p-type  region,  is  deeply 
etched.  As  shown  in  Fig.  6,  the  etching  current 
decreases  as  the  distance  from  the  ohmic  electrode 
becomes  large  because  of  the  high  resistivity  of  the  iso¬ 
lated  GaAs.  Therefore  the  etching  occurs  near  the 
boundary  between  the  channel  region  and  the  isolated 
region,  resulting  in  the  non-flat  profile. 

The  electro-chemical  etching  effect  in  deionized 
water  can  be  understood  in  terms  of  the  existence  of 
OH-  ions  based  on  the  model  presented  in  Fig.  6.  In 
order  to  establish  the  influence  of  OH~  ions  on  the 
electro-chemical  etching  of  the  isolated  region,  the 
etching  current  measurement  was  performed  for  the 
samples  exposed  to  the  diluted  solution  of  ammonia 
(NH3)  and  hydrochloric  acid  (HC1)  with  various  values 
of  pH.  The  measurement  configuration  is  shown  in 
Fig.  7.  The  sample  was  the  oxygen  ion  implanted  n- 
type  GaAs.  The  ohmic  electrode  was  formed  on  the 
back  side  of  the  sample.  The  isolated  GaAs  surface 
was  exposed  to  the  pH  controlled  diluted  solution. 
When  the  electro-chemical  etching  occurs,  the  electro¬ 
chemical  potential  is  established  between  the  counter 
electrode  made  of  carbon  and  the  GaAs,  and  the  etch¬ 
ing  current  flows  through  the  external  circuit.  Fig.  8 
shows  the  dependence  of  the  etching  current  on  pH  of 
the  diluted  solution.  As  shown  in  Fig.  8,  the  etching 
rate  was  negligibly  small  for  pH  <  7,  but  becomes  lar¬ 
ger  as  pH  increases.  This  result  clearly  indicates  that 
OH-  ions  are  strongly  related  to  the  electro-chemical 
etching  effect  of  GaAs.  It  also  supports  the  model 
shown  in  Fig.  6. 

Such  an  electro-chemical  etching  effect  also  occurs 
during  the  water  rinsing  in  the  gate  electrode  for¬ 
mation  process.  Fig.  9(a)  shows  the  cross-sectional 
TEM  image  of  the  recessed  region  around  the  AI/Ti 
gate  after  the  lift-off.  During  the  Al/Ti  lift-off  process 
using  organic  solvents,  deionized  water  rinse  was  per¬ 
formed  for  5  min.  From  Fig.  9(a),  it  was  found  that 
GaAs  of  the  recessed  region  beside  the  Al/Ti  gate  was 
anomalously  etched  and  the  U-shaped  groove  was 
formed.  This  anomalous  etching  can  be  also  under¬ 
stood  as  the  electro-chemical  etching  phenomenon 
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Fig.  5.  Dependence  of  etching  depth  and  leakage  current  on  oxygen  ion  implantation  dose.  The  water  rinse  was  performed  for 
5  min. 


between  the  Al/Ti  gate  and  GaAs  because  both  the 
materials  were  simultaneously  exposed  to  deionized 
water  during  the  lift-off  process. 

As  mentioned  previously,  the  electro-chemical  etch¬ 
ing  phenomenon  in  deionized  water  strongly  affects  the 
recessed  shape  of  the  InGaAs/AlGaAs  pseudomorphic 
HEMT.  In  order  to  obtain  the  designed  device  charac- 
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Fig.  6.  Model  for  the  electro-chemical  etching  effect. 
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Fig.  7.  Measurement  configuration  of  etching  current. 
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Fig.  8.  Dependence  of  etching  current  on  pH. 

teristics,  such  an  electro-chemical  etching  phenomenon 
must  be  suppressed. 


4.  Suppression  of  electro-chemical  etching  effect 

Based  on  the  model  shown  in  Fig.  6,  the  electro¬ 
chemical  etching  effect  can  be  suppressed  by  reducing 
the  dissolved  oxygen  in  deionized  water  which  causes 
OH-  ion.  To  confirm  the  effect  of  dissolved  oxygen  in 
deionized  water  on  the  electro-chemical  etching  effect, 
the  deionized  water  with  reduced  dissolved  oxygen  was 
used  for  the  water  rinse  processes. 

The  membrane  degassing  unit  was  used  in  order  to 
reduce  the  dissolved  oxygen  in  deionized  water.  The 
dissolved  gases  including  oxygen  in  deionized  water 
were  exhausted  by  a  vacuum  pump  through  the  mem¬ 
brane.  The  concentration  of  dissolved  oxygen  in  deio¬ 
nized  water  was  reduced  and  controlled  to  less  than  1 
ppb  using  the  unit.  Then,  the  rinse  process  was  per¬ 
formed  in  N2  ambiance  to  prevent  incorporation  of 
oxygen  from  air. 

Fig.  10  shows  the  dependence  of  the  etching  depth 
at  the  isolated  region  on  the  concentration  of  the  dis¬ 
solved  oxygen  in  deionized  water  after  the  RIE  of 
Si3N4  film.  The  water  rinse  was  performed  for  5  min. 
As  shown  in  Fig.  10,  the  etching  depth  decreases  as 
the  concentration  of  the  dissolved  oxygen  decreases. 
The  dependence  in  Fig.  10  is  quite  similar  to  that  of 
the  etching  current  on  pH  in  Fig.  8.  This  result  clearly 
shows  that  the  generation  of  OH-  ions  in  deionized 
water  can  be  suppressed  by  the  reduction  of  dissolved 
oxygen. 

Fig.  11  shows  the  profile  of  the  gate  recess  region 
after  the  rinse  for  5  min  in  two  different  deionized 


Fig.  9.  TEM  images  of  recessed  region  around  the  Al/Ti  gate 
after  deionized  water  rinse  with  dissolved  oxygen  of  (a)  8  ppm 
and  (b)  2  ppb.  The  water  rinse  time  is  5  min. 


water  with  the  amount  of  dissolved  oxygen  of  8  ppm 
and  2  ppb.  As  shown  in  Fig.  11,  the  electro-chemical 
etching  was  successfully  suppressed  and  a  flat  profile 
was  obtained.  The  anomalous  etching  beside  the  Al/Ti 
gate  after  lift-off  process  shown  in  Fig.  9(a)  can  be 
also  suppressed  by  the  deionized  water  with  dissolved 
oxygen  of  2  ppb  as  shown  in  Fig.  9(b),  resulting  in  an 
identical  recessed  profile. 


0.1  1  10  100  1000  10000 
Concentration  of  dissolved  oxygen 
in  deionized  water  (ppb) 

Fig.  10.  Dependence  of  etching  depth  on  the  concentration  of 
dissolved  oxygen  in  deionized  water.  The  water  rinse  was  per¬ 
formed  for  5  min. 
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Fig.  11.  Profiles  of  gate  recess  region  after  deionized  water 
rinse  with  dissolved  oxygen  of  (a)  8  ppm  and  (b)  2  ppb.  The 
water  rinse  time  is  5  min. 


5.  Device  performance 

We  applied  the  process  using  the  deionized  water 
with  reduced  dissolved  oxygen  for  the  fabrication  of 
the  0.1  pm-gate  pseudomorphic  HEMT. 

Fig.  12  shows  the  current  gain  cut-off  frequencies 
(/r)  extracted  from  S-parameter  measurements  for  the 
HEMTs  with  100  pm-wide  fabricated  by  the  process 
using  deionized  water  with  dissolved  oxygen  of  2  ppb 
and  8  ppm.  The  threshold  voltages  of  those  devices 
were  almost  the  same  (-800  mV).  The  measurement 
conditions  were  the  drain  voltage  of  2  V  and  the  drain 
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Fig.  12.  Frequency  characteristics  for  the  HEMTs  rinsed  in 
deionized  water  with  dissolved  oxygen  of  8  ppm  and  2  ppb. 


current  of  40  mA.  As  shown  in  Fig.  12,  by  reducing 
the  dissolved  oxygen  in  deionized  water,  fr  of  as  high 
as  104  GHz  was  obtained,  which  was  an  increase  of 
about  20%  over  that  of  the  degraded  device  due  to  the 
electro-chemical  etching.  From  the  small  signal  equiv¬ 
alent  circuit  extraction  by  fitting  the  S-parameters,  it 
was  found  that  the  improvement  resulted  from  the  re¬ 
duction  of  the  source-to-gate  capacitance  (Cgs),  and  it 
was  91  fF  for  the  improved  device,  while  122  fF  for 
the  degraded  device.  The  anomalous  recessed  gate  pro¬ 
file  caused  by  the  electro-chemical  etching  is  believed 
to  be  related  to  the  increase  of  Cgs  for  the  degraded 
device. 


6.  Conclusion 

It  was  found  that  the  recess  gate  region  of  0.1  pm- 
gate  InGaAs/AlGaAs  HEMT  was  anomalously  etched 
during  the  deionized  water  rinse  process.  When  the 
Au-based  ohmic  electrodes  and  GaAs  on  recess  gate 
region  are  simultaneously  exposed  to  deionized  water, 
the  electro-chemical  etching  occurs.  Due  to  the  cathode 
reaction  on  the  ohmic  electrodes,  OH-  ions  are  gener¬ 
ated  from  the  reaction  of  deionized  water  (H20)  and 
dissolved  oxygen  (02).  At  the  same  time  with  the  cath¬ 
ode  reaction,  the  anode  reaction  on  GaAs  surface,  oxi¬ 
dation  and  etching  occurs,  resulting  in  a  non-flat 
recessed  gate  profile.  Such  an  electro-chemical  etching 
also  occurred  during  the  deionized  water  rinsing  after 
the  gate  electrode  formation,  and  the  U-shaped  etched 
groove  was  formed  besides  the  Al/Ti  gate. 

By  reducing  the  dissolved  oxygen  in  deionized  water 
during  the  rinse  process,  the  electro-chemical  etching 
phenomenon  has  been  successfully  suppressed  and  the 
controlled  recessed  gate  profile  was  obtained. 

Using  the  deionized  water  with  reduced  dissolved 
oxygen,  the  0.1  pm-gate  InGaAs/AlGaAs  pseudo¬ 
morphic  HEMT  was  fabricated.  The  current  gain  cut¬ 
off  frequency  of  as  high  as  104  GHz  was  obtained, 
which  was  an  increase  of  about  20%  over  the  degraded 
device  due  to  the  electro-chemical  etching. 
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Abstract 

We  report  the  realization  of  asymmetric  recess  etching  in  the  fabrication  of  gate  grooves  for  MODFETs  based  on 
InAlAs/InGaAs  heterojunctions.  The  novel  technology  employs  asymmetric  electrochemical  etching  when  the 
surface  metal  of  Pt  and  Ni  are  deposited  on  the  source  and  drain  pads,  respectively.  Devices  fabricated  with  this 
technology,  though  still  immature,  show  similar  DC  performance  to  those  fabricated  by  conventional  technology  for 
symmetric  devices.  Furthermore,  due  to  the  formation  of  a  ‘step’  on  the  InP  etch-stopper  as  a  result  of  the 
asymmetric  etching,  the  effective  gate  length  of  the  devices  has  been  made  shorter  than  its  nominal  value.  This, 
combined  with  the  asymmetric  groove  profiles,  produces  higher  /T  and  /max  values  than  the  usual  symmetric 
devices.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 

Keywords:  Electrochemical  process;  Gate  recess;  Etching;  InAlAs;  InGaAs;  Hetero-junction 


1.  Introduction 

InAlAs/InGaAs  heterojunction  materials  grown  on 
InP  substrates  have  made  high  performance  possible 
for  modulation-doped  field-effect  transistors 
(MODFETs)  in  high-speed  and  high-frequency  appli¬ 
cations  [1,2].  Device  performance  can  be  further 
improved  by  employing  asymmetrically  recessed  gates, 
whose  side  etching  is  small  on  the  source  side  and 
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large  on  the  drain  side.  The  benefits  include,  without 
obvious  simultaneous  deterioration  of  the  parasitic  re¬ 
sistance  RS(h  the  reduction  of  the  excessively  high  out¬ 
put  conductance  gQ  [3],  which  is  typical  for  MODFETs 
based  on  InAlAs/InGaAs  heterostructures  lattice- 
matched  to  InP  substrates,  and  the  reduction  of  feed¬ 
back  capacitance  [4].  All  these  will  in  turn  lead  to  an 
enhancement  of  the  gain  of  devices.  If  the  side  etching 
on  the  drain  side  can  be  made  sufficiently  large,  the 
gate-drain  breakdown  characteristics  will  also  be 
improved  [5],  which  are  important  for  the  power  appli¬ 
cation  of  the  MODFETs.  With  asymmetrically 
recessed  gates,  we  can  take  full  advantage  of  the  su¬ 
perior  transport  properties  and  the  resulting  excellent 
performance  of  MODFETs  without  having  to  make  a 
trade-off  concerning  the  width  of  side  etching. 
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Fig.  1.  Schematics  of  electrochemical  etching  in  the  wet- 
chemical  gate  recess  for  MODFET  fabrication:  device  ready 
for  recess  etching  (a),  the  gate-groove  profile  formed  by  25-s 
etching  when  Ni  surface  metal  is  used  (b),  and  the  gate-groove 
profile  formed  by  160-s  etching  when  Pt  surface  metal  is  used 
(c). 

The  standard  approach  to  fabricating  asymmetric 
gate  grooves  is  to  form  asymmetrical  resist  profiles. 
Usually,  this  can  be  achieved  either  by  the  so-called 
‘double-recess’  process  [6]  or  by  electron-beam  litho¬ 
graphy  based  on  a  four-layer  stack  of  resist  [7,8].  The 
former  methodology  needs  two-step  lithography,  in 
which  the  first  recess  defines  the  wide  groove,  and  the 
second  defines  the  gate  with  offset  towards  the  source. 
The  multilayer-resist  technology,  on  the  other  hand, 
requires  the  control  of  various  parameters  in  electron- 
beam  lithography,  which  can  be  difficult  if  applied  for 
fabricating  devices  with  gate  lengths  below  0.1  pm.  In 
contrast,  the  new  approach  we  will  describe  here  is 
based  on  asymmetrical  etching  induced  by  electroche¬ 
mical  effects  in  the  course  of  gate-recess  etching  for 
MODFET  fabrication  [9].  With  only  one-step  electron- 
beam  lithography  based  on  single-layer  resist,  asym¬ 
metric  gate  grooves  can  be  formed  via  a  self-controlled 
process.  Besides  the  simplification  of  processing  pro¬ 
cedures,  this  single-layer  technology  is  feasible  to  fabri¬ 
cate  devices  that  have  gate  lengths  shorter  than  0. 1  pm 
with  good  reproducibility.  Furthermore,  as  has  already 
been  demonstrated  previously,  the  electrochemical 
effects  are  more  pronounced  in  the  recess  etching  when 
the  dimensions  of  the  gate  openings  are  reduced  and, 
as  a  result,  this  technology  should  be  more  suitable  for 
short  gate-length  devices.  Although  the  technology 


needs  further  improvement  to  attain  a  higher  asymme¬ 
try  ratio,  it  should  be  considered  as  a  possible  alterna¬ 
tive  to  current  technologies. 


2.  Asymmetrical  etching  in  gate  recess 

2.1.  Basics  of  asymmetric  etching 

Fig.  1  illustrates  the  basic  points  to  induce  an  asym¬ 
metric  etching  in  gate  openings.  One  should  notice 
from  Fig.  1(a)  that,  in  addition  to  the  gate  opening, 
the  metal  surfaces  of  the  source  and  drain  pads  are 
also  exposed  during  recess  etching.  This  is  the  key  to 
the  asymmetric  etching.  Without  the  exposure  of  the 
ohmic  pads,  the  employed  citric-acid-based  etchant 
gives  an  etching  rate  of  0.2  nm/s  for  both  InAlAs  and 
InGaAs.  However,  the  electrode  exposure  will  signifi¬ 
cantly  modify  the  etching  rate,  because  an  electroche¬ 
mical  potential  will  be  established  between  the 
electrodes  and  the  semiconductors  in  the  gate  region. 
Figs.  1(b)  and  (c)  show  the  gate  grooves  that  are 
formed  when  the  surface  metals  of  the  ohmic  pads  are 
Ni  and  Pt,  respectively.  The  groove  for  the  Ni  sample 
extends  at  greatly  enhanced  rates  of  10  and  4  nm/s  ver¬ 
tically  and  laterally  during  the  etching.  The  higher  elec¬ 
trode  potential  of  Pt  surface  metal,  on  the  other  hand, 
will  lead  to  excessive  oxidation  and  a  consequent 
slower  semiconductor  etching  than  that  when  Ni  is 
used. 

The  basic  consideration  in  inducing  asymmetric  etch¬ 
ing  in  the  gate  opening  is  to  respectively  deposit  Pt 
and  Ni  on  the  source  and  drain  electrodes.  This  is 
because  these  two  metals  have  very  different  electrode 
potentials:  1.2  V  for  Pt  and  -0.25  V  for  Ni  at  25°C 
[10].  The  oxidation  of  semiconductors  in  the  gate 
region  is  stronger  on  the  source  side  because  the  elec¬ 
trode  potential  of  Pt  is  higher  than  that  of  Ni.  As  a 
result  of  the  subsequent  wet-chemical  etching,  the  gate- 
recess  etching  should  be  slower  on  the  source  side  than 
the  drain  side  in  terms  of  both  the  vertical  etching  and 
side  etching.  In  this  way,  the  asymmetric  gate  groove 
can  be  formed  with  one-step  etching. 

2.2.  Fabrication  of  asymmetric  grooves 

The  MODFET  epitaxial  layers  for  this  study  were 
grown  by  metalorganic  chemical  vapor  deposition 
(MOCVD)  on  3"  wafers.  They  consist  of  a  200-nm  /- 
InAlAs  buffer,  a  15-nm  /-InGaAs  channel,  a  3  nm  /- 
InAIAs  spacer,  a  Si  (5-doping,  a  5-nm  /-InAlAs  layer,  a 
3-nm  /- InP  etching  stopper,  and  a  3  nm  /-InAlAs  bar¬ 
rier.  The  cap  layers,  an  n  +  -InAlAs  layer  and  an  n  +- 
InGaAs  layer,  are  for  the  realization  of  non-alloyed 
ohmic  contact.  All  the  layers  are  lattice-matched  to 
InP  substrates,  and  the  doping  densities  of  Si  are 
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Fig.  2.  SEM  micrograph  of  an  asymmetrical  gate  groove  for  a 
0.1 -pm  MODFET  that  was  fabricated  using  the  principle 
described  in  the  text.  Ls  and  Ld  denote  the  side  etching  on  the 
source  side  and  the  drain  side,  respectively.  The  flat  groove 
bottom  results  from  using  InP  etch-stopper. 

2  x  1019  and  6  x  1018/cm3  for  the  «+-InGaAs  and 
n  +-InAlAs  layers,  respectively.  TLM  measurements 
show  that  the  sheet  resistance  of  all  layers  and  the 
ohmic  contact  resistance  were  around  90  Q/square  and 
0.07  Qmm,  respectively. 

Each  chip  (4.2  x  4.2  mm  in  size)  has  about  20  elec¬ 
tron-beam-defined  active  devices,  including  devices  for 
monitoring  the  drain  current  during  wet-chemical 
recess  etching.  The  devices  for  RF  characterization 
have  a  T-finger  layout  with  the  unit  gate-finger  width 
of  50  pm.  The  mesa  was  fabricated  with  a  non-selective 
citric-acid-based  etchant.  The  InP  etching  stopper  was 
etched  with  a  mixture  of  acetic  acid,  phosphorus  acid, 
salt  acid,  hydrogen  peroxide,  and  DI  water  [11].  We 
employed  Ti/Pt/Au/Ti,  from  bottom  to  top,  as  the 
base  of  the  non-alloyed  ohmic  electrodes,  on  which  Ni 
was  firstly  deposited.  Afterwards,  the  photo  resist  was 
patterned  so  that  only  the  source  ohmic  electrodes 
were  opened,  and  Pt  was  deposited.  Dielectric  films 
were  deposited  across  the  wafer  and  the  openings  in 
the  films  were  fabricated  by  reactive  ion  etching  (RIE). 
After  the  definition  of  gate  openings  by  electron-beam 
lithography  and  RIE,  photo  resist  was  coated  to  define 
the  top  of  the  T-gates,  and,  simultaneously,  resist 
openings  on  ohmic  electrodes  were  made  in  order  to 
induce  the  electrochemical  formation  of  asymmetric 
gate  grooves  and  to  facilitate  the  measurement  of  the 
drain  current  /ds  during  the  gate-groove  fabrication. 
The  recess  etching  was  performed  with  a  mixture  of 
citric  acid  and  hydrogen  peroxide. 

A  SEM  (scanning  electron  microscope)  photo  of  the 
fabricated  gate-groove  asymmetry  is  shown  in  Fig.  2 
[12].  The  width  of  the  side  etching  is  defined  as  the 


Gate  Length  (pm) 

Fig.  3.  The  asymmetry  ratio  as  a  function  of  the  gate  length. 
The  dashed  line  is  for  the  standard  conventional  devices  with 
symmetric  gate  grooves. 

width  of  the  groove  where  the  highest  side  etching 
occurs,  i.e.,  in  n  +-InGaAs.  Accordingly,  the  widths  of 
the  side  etching  are  30  ( =  Ls)  and  50  nm  ( =  Ld)  on  the 
source  and  drain  sides,  producing  an  asymmetry  ratio, 
defined  as  Ld/Ls,  of  around  1.7  for  the  0.1 -pm  gate 
opening.  The  asymmetry  ratio  will  decrease  with  a 
longer  gate  as  shown  in  Fig.  3,  and  therefore  this  pro¬ 
cess  is  suitable  for  fabricating  asymmetric  gate  grooves 
for  short-gate  devices.  However,  the  asymmetry  ratio 
achieved  with  this  technology  at  the  current  stage  is 
still  not  sufficiently  high  for  improving  gate-drain 
breakdown  characteristics.  This  ratio  should  be 
increased  by  enlarging  the  electrode-potential  difference 
between  the  semi-conductor  and  the  surface  metals  of 
the  source  and  drain  electrodes.  Possible  methods 
include  the  use  of  other  combinations  of  surface  metals 
on  the  source  and  drain  and  the  employment  of  other 
etchants  for  recess. 

MODFETs  were  fabricated  with  the  above-described 
technology.  As  a  reference,  another  wafer  was  pro¬ 
cessed  using  the  standard  fabrication  procedures  for 
symmetric  devices,  in  which  the  exposed  surface  metal 
is  Ni  on  both  the  source  and  drain  pads  [2]. 


3.  Device  performance 

3.1.  DC  performance 

The  I — V  characteristics  of  0.1-pm  MODFETs  with 
symmetric  and  asymmetric  gate  grooves  are  shown  in 
Figs.  4(a)  and  (b),  respectively.  The  Rsd  for  the  asym¬ 
metric  devices  is  found  to  be  around  0.8  Qmm,  in  com- 
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Fig.  4.  I-V  characteristics  for  0.1  -pm  MODFETs  with  the 
conventional  symmetric  gate  groove  profile  (a)  and  with  the 
asymmetric  gate  groove  profile  shown  in  Fig.  2(b).  Top 
curves:  Kds  =  0.4  V,  AFgs  =  -0.2  V. 

parison  with  0.9  Qmm  for  the  symmetric  devices.  This 
Rsd  difference  is  partly  responsible  for  the  10%  higher 
maximum  current  7dss,  defined  as  the  /ds  at  gate  bias 
Kgs  =  0.4  V  and  drain  bias  Kds  =  l  V,  for  the  asym¬ 
metric  devices.  As  shown  in  Fig.  5,  the  asymmetric 
devices  also  exhibit  about  a  6%  higher  maximum 
transconductance  gm  than  their  symmetric  counterparts 
for  gate  lengths  ranging  from  0.07  to  0.1  pm  at 
Kds=l  V;  the  difference  in  the  parasitic  resistance  is 
considered  to  the  main  reason  for  this  gm  difference  as 
the  gate-to-channel  distance  should  be  identical  due  to 
the  use  of  the  InP  etch-stopper  in  the  fabrication. 

One  may  notice  the  hysteresis  in  Fig  4(b).  We  think 
this  should  be  related  to  the  use  of  Pt  during  the  for- 


Fig.  5.  Maximum  transconductance  as  a  function  of  nominal 
gate  length  for  MODFETs  with  conventional  symmetric 
(dashed  line)  and  asymmetric  grooves  (solid  line).  The 
measurements  were  carried  out  at  Kds  =  1  V. 

mation  of  the  asymmetric  grooves:  the  Pt-induced  oxi¬ 
dation  in  the  semiconductors  of  the  gate  region  is  so 
strong  (due  to  its  high  electrode  potential  as  mentioned 
in  section  2.1)  that  a  thin  layer  of  oxide  may  still 
remain  even  after  recess  etching.  An  indirect  evidence 
for  this  argument  is  Fig.  4(a),  which  doesn’t  show  hys¬ 
teresis  in  I-V  characteristics  due  to  the  only  use  of  Ni 
as  ohmic  surface  metal. 

Another  remarkable  feature  in  Fig.  4  is  the  output 
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Fig.  6.  Threshold  voltage  as  a  function  of  nominal  gate  length 
for  MODFETs  with  conventional  symmetric  (dashed  line) 
and  asymmetric  gate-groove  profiles  (solid  line).  The  measure¬ 
ments  were  carried  out  at  Kds  =  1  V. 
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Fig.  8.  Current  gain  cut-off  frequency  as  a  function  of  nom¬ 
inal  gate  length  for  MODFETs  with  conventional  symmetric 
(dashed  lined)  and  asymmetric  gate  grooves  (solid  line).  The 
devices  have  a  T-finger  layout  with  a  total  gate  width  of 
100  pm.  The  measurements  were  carried  out  at  Kds  =  1  V  and 
the  Kgs  for  peak  transconductance. 


those  with  the  identical  nominal  gate  lengths  but  sym¬ 
metric  gate  grooves.  In  Fig.  6,  one  can  also  see  that 
the  asymmetric  devices  shown  a  Kth  shift  of  150  mV 
when  the  nominal  gate  length  is  reduced  from  0.1  to 
0.07  pm,  while  the  symmetric  devices  demonstrate  a 
smaller  shift  of  50  mV  when  the  gate  length  is  reduced 
in  the  same  way. 

3.2.  RF performance 


Fig.  7.  Current  gain  //?2 1 /2  and  Mason’s  unilateral  power  gain 
Ug  as  a  function  of  frequency  for  devices  with  conventional 
symmetric  (a)  and  asymmetric  gate  grooves  (b).  The  devices 
have  a  nominal  gate  length  of  0.07  pm  and  a  T-finger  layout 
with  a  total  gate  width  of  100  pm.  The  measurements  ere  car¬ 
ried  out  at  Kds=  1  and  the  Kgs  for  peak  transconductance. 

conductance  of  160  mS/mm  for  the  0.1  pm-asymmetric 
MODFETs,  which  is  in  sharp  contrast  to  the  80  mS/ 
mm  for  the  symmetric  devices  with  the  same  nominal 
gate  length.  The  higher  output  conductance  is  due  to  a 
‘step’  that  is  formed  after  the  recess  etching,  which  can 
be  seen  in  Fig.  2.  The  ‘step’  results  in  a  smaller  effec¬ 
tive  gate  length  than  that  defined  by  the  electron-beam 
lithography.  The  smaller  effective  gate  length  for  the 
asymmetric  devices  could  be  another  reason  for  the 
higher  /dss  seen  in  Fig.  4(b).  The  reduced  effective  gate 
lengths  for  asymmetric  MODFETs  is  further  evidenced 
by  their  more  negative  values  of  threshold-voltage  Kth, 
which  are  due  to  short  channel  effects,  compared  with 


The  device  S-parameter  characteristics  were 
measured  using  a  Cascade  on-wafer  probe  station.  Fig. 
7  shows  current  gain  /h2i/2  and  Mason’s  unilateral 
power  gain  Ug  as  a  function  of  frequency  at  Kds=l 
and  with  the  Kgs  for  peak  transconductance  for  the 
nominal  0.07-pm  devices.  The  /T  and  /max  obtained  by 
extrapolating  the  //z2i/2  and  Ug  with  —20  dB/decade 
are  190  and  240  GHz  for  symmetric  devices  and  220 
and  270  GHz  for  asymmetric  devices,  respectively.  As 
mentioned  before,  the  higher  /T  for  the  asymmetric 
devices  is  due  to  the  reduced  effective  gate  length.  This 
is  strongly  supported  by  the  /T  dependence  on  the 
nominal  gate  length  for  these  devices  shown  in  Fig.  8; 
the  asymmetric  device  always  show  a  higher  /T  when 
the  nominal  gate  length  is  the  same.  The  higher  /max, 
on  the  other  hand,  is  attributed  to  the  higher  /T  and 
the  lowered  feedback  capacitance  that  results  from  the 
asymmetric  gate  groove,  although  a  marked  improve¬ 
ment  in  gate-drain  breakdown  characteristics  has  not 
yet  been  observed,  which  is  due  to  the  asymmetry  ratio 
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Threshold  Voltage  (V) 
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Fig.  9.  Histogram  of  the  threshold  voltage  for  0.07-pm  MODFETS  with  conventional  symmetric  (grey  bars)  and  asymmetric  gate 
grooves  (white  bars)  (a),  and  histograms  of  the  transconductance  for  0.07-pm  MODFETs  with  asymmetric  (b)  and  conventional 
symmetric  gate  grooves  (c).  The  measurements  were  carried  out  at  Kds=  1  V.  In  (b)  and  (c)  the  mean  value  of  the  transconductance 
and  the  standard  deviation  of  transconductance  are  given  in  S/mm. 


achieved  so  far  not  being  sufficiently  large. 


3.3.  Statistics  of  device  performance 

The  reproducibility  of  the  technology  was  examined 
by  calculating  the  standard  deviations  of  Vth  and  gm 
across  the  3"  wafers.  As  shown  in  Fig.  9(a),  the  0.07- 
pm  symmetric  devices  have  a  Vth  deviation  of  around 
42  mV,  which  is  a  good  value  and  can  be  understood 
by  the  use  of  the  etch-stopper.  On  the  contrary,  for  the 
asymmetric  devices  the  Vth  scattering  is  as  large  as 
83  mV  for  the  devices  with  nominal  gate  length  of 
0.07  pm.  However,  it  should  be  noted  that  the  gm  scat¬ 
tering  for  both  wafers  are  very  similar,  around  30  mS/ 
mm  as  shown  in  Figs.  9(b)  and  (c).  Since  gm  is  rela¬ 


tively  insensitive  to  gate  length  as  shown  in  Fig.  5,  this 
small  gm  deviation  can  be  taken  as  an  indication  of  the 
good  uniformity  of  barrier  thickness.  Therefore,  the 
large  scattering  of  Vth  for  the  asymmetric  devices 
should  be  attributed  to  the  variations  in  the  effective 
gate  length  due  to  the  fluctuations  in  the  wet-chemical 
etching. 

Another  concern  in  device  fabrication  is  the  yield. 
The  open  squares  in  Fig.  10  show  that  the  fabrication 
yield  is  still  higher  than  95%  when  the  gate  length  is 
reduced  to  0.07  pm,  if  the  standard  process  (for  fabri¬ 
cating  symmetric  devices)  is  used.  In  contrast,  the 
asymmetric  devices  show  a  remarkably  lower  yield  for 
gate  lengths  ranging  from  0.07  to  0.1  pm.  The  exact 
reason  for  this  remains  unclear  right  now,  but  this 


D.  Xu  et  al  /  Solid-State  Electronics  43  (1999)  1527-1533 


1533 


Gate  Length  (p,m) 

Fig.  10.  Fabrication  yield  as  a  function  of  the  nominal  gate 
length  for  MODFETs  with  conventional  symmetric  (open 
squares)  and  asymmetric  gate  grooves  (solid  squares). 


lower  yield  should  be  related  to  the  asymmetric  etching 
that  is  employed  to  fabricate  the  asymmetric  grooves. 


4.  Conclusions 

Asymmetric  recess  etching  can  be  achieved  in  the 
fabrication  of  gate  grooves  for  MODFETs  based  on 
InAlAs/InGaAs  heterostructures.  The  electrochemical 
etching  with  the  surface  metals  of  Pt  and  Ni  respect¬ 
ively  deposited  on  the  source  and  drain  pads  leads  to 
an  aspect  ratio  of  1.7  for  0.1 -pm  devices.  Devices  fabri¬ 
cated  with  this  technology  display  a  higher  fT  value, 
due  to  the  reduced  effective  gate  length,  and  a  higher 
/max  due  to  the  asymmetric  gate  groove.  Further  study 
is  needed  in  order  to  increase  the  asymmetry  ratio,  uni¬ 
formity  and  the  yield  of  devices. 
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Abstract 

Here,  we  will  demonstrate  a  new  approach  to  merge  high  performance  III/V-material  properties  with  optical 
display  technology.  In  a  first  step  a  low  temperature  grown  and  processed  InP-FET  structure  not  surpassing  a 
temperature  of  300°C  is  transferred  to  GaAs  with  the  potential  of  future  transfer  to  Si  and  other  substrate 
materials.  Future  large  area  display  panels  require  electronic  overlay  circuitry  for  optical  arrays  with  high 
performance.  FETs  with  high  current  densities  grown  on  various  substrate  materials  optimized  to  drive 
simultaneously  a  large  number  of  light  sources  will  be  required.  Furthermore  each  process  step,  including  materials 
growth,  has  to  be  performed  at  extremely  low  temperatures  to  prevent  degradation  of  the  low-cost  substrates, 
mainly  glass  and  polymer.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction  and  new  concept 

The  current  state-of-the-art  in  display  device  engin¬ 
eering  is  divided  into  two  parts:  the  III/V-technology 
mainly  used  for  GaAs  VCSELs  with  FET  devices  of 
high  performance,  expensive  materials  and  small  area 
dimensions.  The  other  one  using  large  area  substrate 
materials  like  glass  or  polymers,  with  low  performance 
Si-TFT  devices,  aiming  at  large  areas  for  consumer  ap¬ 
plications.  Up  to  now  no  technology  was  available  to 
merge  the  high  performance  III/V-FETs  with  the  large 
area  display  approach.  The  disadvantage  of  Si-TFTs, 
namely  low  carrier  mobilities,  leads  to  low  current  den¬ 
sities  and  large  switching  voltages.  Moderate  carrier 
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mobilities,  usually  still  below  200  cm2/V  s,  are 
obtained  after  crystallization  at  elevated  temperatures, 
which  in  turn  may  cause  degradation  of  the  amor¬ 
phous  substrate  properties.  III/V-materials,  which 
would  promise  higher  mobilities,  could  not  be  used 
because  of  two  reasons: 

1.  a  technology  to  realize  FETs  on  low  grade  highly 
dislocated  material  has  not  been  evaluated. 

2.  at  a  growth  temperature  below  450°C  III/V  layers 
contain  a  high  intrinsic  antisite  defect  density.  In 
GaAs  this  native  defect  is  located  within  the  band- 
gap  and  therefore  leads  to  insulating  characteristics. 
Doping  activation  is  inhibited. 

In  contrast,  growth  of  InP  at  temperatures  below 
300°C  produces  P7„  antisite  defects  with  a  first  excited 
state  located  120  meV  above  the  conduction  band  edge 
[1].  This  leads  to  auto-doped  n-type  layers  and  makes 
Low  Temperature  Grown  InP  (LTG-InP)  a  promising 
candidate  for  active  FET  layers.  The  concentration  of 
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this  P7„  antisite  defect  is  connected  to  growth  tempera¬ 
ture  and  V/III  flux  ratio.  Therefore,  a  strong  influence 
of  growth  temperature  on  sheet  carrier  concentration 
and  saturation  current  is  found.  First  devices  grown 
on  InP  substrates  at  300°C  and  below  were  presented 
earlier  [2,3].  They  have  demonstrated  the  feasibility  of 
fully  low  temperature  grown  and  processed  devices  on 
InP  substrates  not  exceeding  300°C.  High  dc  output 
current  densities  above  100  mA/mm  were  reached. 
Despite  the  various  defects  found  in  LTG-devices  such 
as  intersticials,  vacancies  and  the  antisites,  RF 
measurement  results  revealed  similar  potential  for  high 
speed  applications  as  compared  to  conventionally 
grown  InP  channel  FETs.  For  FETs  with  a  /g  =  0.4  pm 
gate  length,  a  device  current  cutoff  frequency  of /t=  18 
GHz  and  a  maximum  oscillation  frequency  /max  =  40 
GHz  were  obtained  [3].  The  materials  growth  studies 
of  the  entire  heterostructure  including  LTG-InP  and 
LTG-AlInAs  barrier  and  buffer  layer  showed  that  con¬ 
trol  of  P-accumulation  at  the  LTG-InP  channel  inter¬ 
face  and  the  control  of  electronically  active  defects  at 
the  LTG-AlInAs  Schottky  barrier  contact  need  specific 
optimization  within  a  narrow  field  of  parameters  [4]. 
However,  the  study  had  also  indicated  that  the  ma¬ 
terial  needs  not  to  be  of  high  crystalline  perfection  and 
that  dislocations  will  not  prevent  FET  channel  modu¬ 
lation  despite  a  reduction  of  channel  mobility.  This 
had  encouraged  us  to  transfer  the  LT G-FET-structure 
onto  GaAs  within  a  materials  regime  of  deliberately 
highly  dislocated  thin  layers  on  the  GaAs  substrate 
(approx.  0.1  pm).  Already  such  a  FET  device  would  be 
unique,  since  LTG-GaAs  is  insulating  and  no  LTG- 
GaAs  FET  can  be  produced.  In  case,  FET-character- 
istics  are  obtained  on  highly  dislocated  material  the 
structure  may  be  transferred  to  Si  using  an  semi-insu- 
lating  LTG-GaAs  buffer  [5],  which  is  also  grown  at  a 
temperature  at  or  below  300°C  as  previously  used  for 
GaAs-on-Si  devices  [6]. 

A  key  role  will  play  the  behaviour  of  grain  bound¬ 
aries  in  the  LTG-InP  channel.  In  GaAs  such  grain 
boundaries  represent  Schottky  barriers  with  a  pinned 
surface  potential  and  thus  no  noticeable  current  can  be 
driven  across  such  a  junction.  On  the  other  hand  along 
the  boundary  current  flow  will  also  be  negligible  [7].  In 
the  contrary,  the  InP-surface  is  fairly  unpinned  near 
the  conduction  band  edge  so  that  n-channel  MOS- 
inversion  layers  can  be  formed  [8].  This  behaviour  may 
indicate  that  band  bending  at  InP  grain  boundaries 
may  be  negligible  as  in  the  case  of  Si. 

Such  a  study  may  then  also  indicate  whether  FET 
characteristics  can  be  obtained  on  polycrystalline 
LTG-InP  material,  which  may  then  be  grown  on 
recrystallized  Si-on-glass.  Ultimately,  this  may  allow  to 
assess,  whether  amorphous  LTG-InP  TFTs  are  poss¬ 
ible. 


2.  Key  problems  of  active  LTG-InP  devices 

2.1.  Device  elements 

The  development  of  LTG-FET  devices  consists  of 
various  effects,  which  need  to  be  combined  in  the  elec¬ 
trical  FET  characteristics.  The  main  issues  are  (1)  the 
active  channel  leading  to  the  desired  output  current, 
(2)  the  gate  barrier  for  channel  current  modulation 
and  low  leakage  pinch-off  and  (3)  insulating  buffer  ma¬ 
terial  for  low  subthreshold  current.  These  are  discussed 
shortly  in  the  following. 

•  Active  LTG-InP  channels  grown  on  InP  substrate 
revealed  carrier  concentrations  above  10 16  cm-3  at 
350°C  growth  temperature  up  to  a  maximum  of 
4  x  1018  cm  3  below  260°C[2].  Therefore,  a  channel 
thickness  of  approx.  60  nm  would  lead  to  a  sheet 
carrier  concentration  in  the  range  of  10 12  cm-2  ap¬ 
plicable  for  FET  channel  operation.  However,  dis¬ 
placement  of  phosphorous  towards  the  channel 
surface  and  accumulation  at  the  interface  leads  to 
problems  with  channel  modulation  due  to  a  high 
interface  state  density. 

•  Second,  for  channel  current  modulation  of  the  FETs 
suitable  Schottky  gate  barrier  materials  which  also 
have  to  be  grown  at  a  low  temperature  have  to  be 
found. 

•  Negligible  buffer  leakage  current  will  be  needed  for 
TFT  applications  with  low  standby  power.  This  also 
imposes  tight  limits  on  the  LTG-buffer  layer  ma¬ 
terial  with  its  high  defect  density. 

Temperature  stability  of  LTG-InP  layers  The  tempera¬ 
ture  stability  of  LTG-InP  layers  was  assessed  on  InP 
substrate  only  HenlePHD,  but  it  is  expected  that  the 
stability  on  GaAs  is  governed  by  the  same  mechan¬ 
isms.  Fortunately,  up  to  400°C  no  degradation  effect 
could  be  detected  and  therefore  the  application  of 
LTG-InP  layers  in  a  display  technology  seems  to  be 
possible.  Increased  annealing  temperatures  lead  to 
reduced  carrier  concentrations  measured  by  Hall  effect. 
This  effect  is  accompanied  by  an  increasing  lattice  mis¬ 
match  (Fig.  1).  In  the  limit  a  maximum  mismatch 
(1.33  x  10  3)  is  extracted.  To  the  first  order  an  inter¬ 
play  of  two  effects,  that  of  the  antisites  and  that  of  the 
interstitials,  was  used  for  explanation.  The  antisites 
can  be  considered  as  superimposed  second  lattice  onto 
the  InP  lattice  and  lead  to  a  reduced  lattice  constant, 
whereas  interstitials  cause  a  lattice  widening. 
Therefore,  increasing  annealing  temperatures  from  400 
to  520°C  reduces  the  antisites  concentration  and  leads 
to  an  increased  lattice  mismatch  caused  by  the 
increased  influence  of  interstitials.  The  reduced  carrier 
concentration  is  a  consequence  of  the  loss  of  antisites. 
This  decrease  of  carrier  concentration  is  connected 
with  an  activation  energy  of  approx.  1  eV  [9].  At 
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carrier  concentration  [1/cnf] 

Fig.  1 .  Lattice  mismatch  of  LTG-InP  FET  heterostructure  on 
InP  substrate  annealed  at  different  temperatures  versus  carrier 
concentration.  The  solid  line  shows  a  first  order  approxi¬ 
mation  model  (details  in  text). 


further  increased  temperatures  above  560°C  phosphor¬ 
ous  starts  to  segregate  into  clusters  leading  to  a  disap¬ 
pearing  lattice  mismatch  [10].  Due  to  the  wide  range  of 
change  in  carrier  concentration  with  post  growth 
annealing  temperature  annealing  offers  a  possibility  of 
after-growth  carrier  concentration  redesign. 


i 


G 


1  I  LTG-AllnAs  I  r 


auto-doped  LTG-InP  channel 


SI  LTG-AllnAs  buffer 


SI  GaAs  substrate 


Fig.  2.  Schematic  device  structure  of  LTG-InP  FET  on  GaAs 
substrate. 

peratures,  but  using  low  temperatures  equivalent 
surface  pretreatment  can  be  achieved  deoxidizing  the 
substrates  for  a  long  time  [4].  The  devices  are  isolated 
by  wet  chemical  mesa  etching.  For  optimized  ohmic 
contact  series  resistance  windows  are  etched  into  the 
AlInAs  top  layer  to  deposit  the  contact  metal  directly 
on  the  LTG-InP  channel  surface.  The  ohmic  contacts 
of  Ge/Ni/Au  metal  are  alloyed  between  280  and  340°C 
in  N2-atmosphere.  The  higher  temperature  is  needed,  if 
the  contact  needs  to  be  alloyed  through  a  remaining 
AlInAs  layer.  The  1.5  pm  long  gates  were  defined  by 
optical  lithography.  Gate  metallization  was  Ti/Pt/Au. 

3.2.  Results 


3.  Experimental 

3.1.  Material  growth  and  processing 

The  heterostructure  devices  were  grown  on  100- 
oriented  semi  insulating  GaAs  substrates  by  gas  source 
MBE  (GSMBE)  using  PH3  as  P-source.  Growth  was 
performed  at  280  to  300°C.  For  sufficient  reproducibil¬ 
ity  of  low  growth  temperatures  a  set  of  Mo-wafer-car- 
riers  was  calibrated  by  heating  a  substrate  from  400°C, 
the  lower  limit  of  the  used  pyrometer  setup,  up  to 
600°C  leading  to  a  specific  dependency  of  the  pyrom¬ 
eter  temperatures  versus  thermocouple  temperatures. 
Growth  temperatures  below  400°C  were  then  realized 
by  an  extrapolation  of  the  thermocouple  calibration 
curves. 

As  buffer  layer  previously  reported  insulating  LTG- 
AlInAs  buffer  layers  were  used  [11].  At  this  growth 
temperature  the  InP  free  carrier  concentration  is 
between  4  x  1017  and  5  x  10 16  cm“3.  The  device  struc¬ 
ture  (Fig.  2)  consists  of  three  layers: 

1.  60  nm  LTG-AllnAs  buffer  layer  on  GaAs  substrate, 

2.  55  nm  LTG-InP  active  channel  layer, 

3.  20  nm  LTG-AllnAs  gate  contact  layer. 

Usually,  pretreatment  of  substrate  materials  to  elimin¬ 
ate  oxides  is  performed  for  a  short  time  at  high  tem- 


At  first  the  individual  elements  of  the  structure  shall 
be  discussed. 

Fig.  3  shows  a  HRXRD  rocking  curve  of  an  LTG- 
InP  heterostructure  on  GaAs  substrate.  The  lattice 
mismatch  is  4.41  x  10-2.  This  leads  to  high  defect  con¬ 
centrations  as  can  be  seen  from  the  SEM  micrograph 
in  Fig.  4.  Despite  the  dislocations  and  defects  the 
measured  mobility  still  remains  between  500  and  600 
cm  2/V  s. 

In  Fig.  5  the  IV-characteristics  of  an  LTG-InP  chan- 


rel.  angle  (degree) 


Fig.  3.  HRXRD  Rocking  curve  of  LTG-InP  heterostructure 
on  GaAs  substrate. 
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Fig.  4.  SEM  picture  of  LTG-InP  HFET  on  GaAs  substrate 
showing  high  defect  density. 


nel  with  a  floating  gate  positioned  in  the  center  is 
shown.  The  channel  parameters  were  Wg  =  25  pm, 
/g— 1.5  pm  and  t  =  55  nm.  It  was  grown  on  a  60  nm 
thick  LTG-AlInAs  buffer  on  SI-GaAs  substrate.  The 
surface  was  covered  by  a  20  nm  LTG-AlInAs  layer, 
grown  using  identical  parameters  to  those  of  the  buffer 
layer.  The  surface  reveals  a  high  defect  density  similar 
to  that  as  shown  in  Fig.  4.  At  low  bias  a  nonlinearity 
is  observed  due  to  the  slightly  different  contact  tech¬ 
nology  for  the  samples  on  GaAs  substrate,  where  the 
metallization  was  alloyed  through  the  LTG-AlInAs 
cap  layer  (at  340°C  for  60  s  in  N2-atmosphere). 
Current  saturation  is  observed  supported  by  the  float¬ 
ing  gate  field  distribution.  This  indicates  that  the  cur¬ 
rent  is  indeed  confined  to  the  channel  and  that  drift 
velocity  saturation  is  obtained.  In  combination  with  a 
sheet  carrier  concentration  of  ns  =  0.7  x  1012  cm"2 
from  Hall  measurement  this  results  in  a  saturated  vel¬ 
ocity  of  1.3  x  107  cm/s,  if  carrier  depletion  effects  are 


Fig.  5.  LTG-InP  channel  with  floating  gate  (dimensions  see 
text). 


bias  voltage  (V) 

Fig.  6.  Ti/Pt/Au-LTG-AlInAs  diode  on  LTG-InP  channel  at 
RT  and  in  LN2  leading  to  improved  breakdown  character¬ 
istics. 


neglected.  Thus,  it  seems  that  the  high  defect  density 
does  not  lead  to  a  noticeable  deterioration  of  the  satu¬ 
rated  velocity.  Unfortunately,  the  channel  current 
could  not  be  modulated  by  the  gate,  most  likely  pri¬ 
marily  due  to  P-accumulation  at  the  channel/cap-layer 
interface. 

Previously  for  LT-growth  on  InP  it  was  seen  that 
the  Schottky  barrier  characteristics  on  LTG-AlInAs 
show  high  leakage  current  levels  and  early  breakdown; 
this  was  found  to  be  the  critical  element  in  LTG-InP 
FET  devices  on  InP  substrate  [2].  Thus,  on  highly  dis¬ 
located  buffer  layer  and  channel  material  on  GaAs  this 
was  also  expected  to  be  critical.  Indeed,  Fig.  6  shows 
high  gate  Schottky  contact  leakage  and  soft  break¬ 
down  of  Ti/Pt/Au-AlInAs  diode  with  20  nm  LTG- 
AlInAs  barrier  layer  on  an  LTG-InP  channel  on 
GaAs.  However,  cooling  to  liquid  nitrogen  yields  in  a 
two  orders  of  magnitude  reduction  in  leakage  current 
and  improved  breakdown  characteristics  (Fig.  6).  This 
shows  that  the  Schottky  barrier  contains  a  high  num¬ 
ber  of  low  barrier  injection  paths,  but  not  a  dominat¬ 
ing  tunneling  component.  Thus,  passivation  of  the 
defects  (for  example  through  an  interfacial  layer)  may 
improve  the  room  temperature  characteristics. 

Due  to  the  limitations  discussed  above  first  FET 
structures  were  grown  and  fabricated  on  rather  low 
doped  channel  material  yielding  low  channel  current 
densities,  but  improved  Schottky  leakage  character¬ 
istics  (ns  «  1011  cm""2  at  300°C  growth  temperature). 
Furthermore,  all  devices  were  grown  using  an  opti¬ 
mized  channel  configuration  with  reduced  excess  P 
towards  the  channel  surface.  Therefore,  the  maximum 
channel  current  reaches  only  a  maximum  open  channel 
current  density  of  3  mA/mm  and  a  maximum  trans¬ 
conductance  of  5  mS/mm. 

The  dc  output  characteristics  of  a  device  with  a  gate 
width  of  fFg=100  pm  and  /g=1.5  pm  are  shown  in 
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Fig.  7.  Output  characteristics  of  LTG-InP  FET  grown  on 
GaAs  (Wg—  100  pm  and  /g  =  1.5  pm,  7'Growth=  300°C). 

Figs.  7  and  8  at  two  operation  temperatures  (RT  and 
LN2).  Due  to  the  above  discussed  difficulties  with  the 
Schottky  layer,  pinch-off  is  only  partially  possible  at 
room  temperature.  However,  in  saturation  near  pinch- 
off  no  significant  output  conductance  is  observed. 
Therefore,  parasitic  conduction  paths  caused  by  an 
LTG-AlInAs  buffer  layer  conductivity  and  gate  to 
drain  leakage  can  be  neglected.  Thus,  the  limiting  fac¬ 
tor  is  source  to  gate  leakage.  Using  LN2,  gate  leakage 
can  be  reduced  and  pinch-off  was  improved.  In  the 
best  device  the  improvement  in  gate  leakage  was  a  fac¬ 
tor  of  40  and  a  subthreshold  behaviour  as  shown  in 
Fig.  9  was  obtained. 

RF  measurements  on  these  first  structures  resulted 
in  a  /t  =  0.29  GHz  and  /max =  0.61  GHz.  These  cutoff 
frequencies  are  still  parasitic  dominated;  they  may  only 
confirm  free  electron  transport  in  the  channel.  It  is 
expected  that  the  next  redesign  will  essentially  improve 
the  present  characteristics  further. 


Fig.  8.  Output  characteristics  of  LTG-InP  FET  grown  on 
GaAs  substrate  in  LN2  (We— 100  pm  and  /g=  1.5  pm). 


VG(V) 


Fig.  9.  Semilog  transfer  characteristics  of  LTG-InP  FET  on 
GaAs  substrate  in  LN2  showing  subthreshold  behaviour. 

4.  Conclusion  and  outlook 

In  conclusion,  this  proof  of  concept  may  be  con¬ 
sidered  the  starting  point  for  further  improvements. 
Here,  the  fundamental  possibility  of  transferring  the 
growth  of  LTG-InP  channel  HFETs  to  GaAs  sub¬ 
strates  was  shown.  Even  transfer  onto  Si  substrate 
seems  possible  due  to  the  existing  LTG-GaAs  buffer 
technology.  Further  improved  Schottky  layer  charac¬ 
teristics  using  a  different  barrier  layer  concept  may 
lead  to  LTG-InP  HFETs  with  the  high  output  current 
and  improved  on-off  ratio.  The  results  may  again  act 
as  a  starting  point  for  growth  on  other  non-InP  sub¬ 
strates. 
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PERGAMON 


Abstract 

The  feasibility  of  preparing  device  quality  InGaP/GaAs  hetero structures  by  the  gas  source  molecular  beam 
epitaxial  (GSMBE)  growth  using  tertiarybutylphosphine  (TBP)  was  investigated.  Undoped  and  Si  doped  InGaP 
layers  with  GaAs  buffer  layers  as  well  as  InGaP/GaAs  quantum  well  (QW)  samples  were  grown  and  characterized 
by  atomic  force  microscopy  (AFM),  photoluminescence  (PL)  and  Hall  measurements.  All  of  the  undoped  and 
doped  InGaP  layers  showed  narrow  PL  peaks  and  electron  mobilities  comparable  to  those  reported  for  InGaP 
layers  grown  by  other  methods.  Undoped  samples  showed  a  residual  carrier  concentration  of  1  x  1015  cm-3  and  a 
mobility  of  3300  cm2/V  s  at  room  temperature.  In  the  Si-doped  samples,  the  highest  electron  density  of  2  x  1019 
cm-3  was  achieved  without  carrier  saturation.  On  the  other  hand,  InGaP/GaAs  QW  samples  showed  intense  and 
narrow  PL  emission  lines,  indicating  formation  of  sharp  heterointerfaces.  ©  1999  Elsevier  Science  Ltd.  All  rights 
reserved. 


1.  Introduction 

Ino.4gGao.52P/GaAs  heterojunction  bipolar  transis¬ 
tors  (HBTs)  and  high  electron  mobility  transistors 
(HEMTs)  have  been  attracting  significant  attention 
due  to  their  advantages  over  conventional  AlGaAs/ 
GaAs-based  devices,  such  as  a  lower  defect  density 
and  higher  reliability  of  the  InGaP/GaAs  system  than 
the  AlGaAs/GaAs  system  as  well  as  absence  of  DX 
centers  [1].  As  compared  with  standard  metal  organic 
vapor  phase  epitaxy  (MOVPE)  and  gas  source  molecu¬ 
lar  beam  epitaxy  (GSMBE)  approaches  using  highly 
toxic  phosphine  (PH3)  to  grow  InGaP,  GSMBE  using 
tertiarybutylphosphine  (TBP),  which  combines  the  ad- 
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vantages  of  MBE  with  the  low  toxic  nature  of  TBP, 
seems  to  be  attractive  for  high  volume  production  of 
heterostructure  wafers.  However,  crystal  qualities  of 
InGaP  layers  grown  by  GSMBE  using  TBP  reported 
so  far  have  been  inferior  to  those  by  the  standard 
methods  and  no  systematic  optimization  of  the  growth 
has  been  made  to  achieve  high  quality  InGaP/GaAs 
heterostructures  by  this  method  [2-4]. 

From  such  a  viewpoint,  we  have  recently  attempted 
to  optimize  GSMBE  growth  of  InGaP  layers  on  (001) 
GaAs  substrates  using  reflection  high  energy  electron 
diffraction  (RHEED)  oscillation,  double  crystal  X-ray 
diffraction  (XRD),  photoluminescence  (PL)  and  Hall 
effect  measurements  [5,6].  The  result  has  indicated  that 
high  quality  undoped  InGaP  layers  can  be  grown  even 
by  the  GSMBE  using  TBP  under  carefully  optimized 
growth  conditions. 
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Fig.  1.  Sample  structures,  (a)  Undoped  or  Si-doped  InGaP 
layer,  (b)  Undoped  InGaP/GaAs  quantum  well. 


The  purpose  of  this  paper  is  to  investigate  the  feasi¬ 
bility  of  the  growth  of  device  quality  InGaP/GaAs  het¬ 
erostructures  by  the  present  GSMBE  growth  method 
using  TBP.  Undoped  and  Si  doped  InGaP  layers  with 
GaAs  buffer  layers  as  well  as  undoped  InGaP/GaAs 
quantum  well  (QW)  samples  were  grown  and  charac¬ 
terized  from  the  viewpoint  of  surface  morphology, 
crystal  quality,  carrier  concentration,  mobility  and 
band  lineup.  Atomic  force  microscopy  (AFM),  PL  and 
Hall  measurements  were  used  for  this  purpose. 

(A)  Undoped  samples  showed  a  residual  carrier  con¬ 
centration  of  1  x  1015  cm-3  and  a  mobility  of 
3300  cm2/Vs  at  room  temperature. 

In  the  Si-doped  samples,  the  highest  electron  density 
of  2  x  1019  cm”3  was  achieved  without  carrier  satur¬ 
ation.  InGaP/GaAs  QW  samples  showed  intense  and 
narrow  PL  emission  lines,  indicating  formation  of 
sharp  heterointerfaces. 


2.  Experimental 

All  growth  was  carried  out  using  a  EIKO  EVC500 
GSMBE  system  with  a  2800  1/s  diffusion  pump. 
Growth  was  monitored  by  observing  RHEED  patterns 
and  their  oscillations  taken  at  an  electron  acceleration 
energy  of  15  kV.  The  substrate  temperatures,  Tg,  were 
measured  by  an  infrared  pyrometer  which  was  cali¬ 
brated  with  the  melting  point  of  InSb  (525°C). 

As  the  sources  of  In,  Ga  and  As,  conventional  met¬ 
allic  In,  Ga  and  As  were  used.  Beam  flux  intensities  of 
In  and  Ga  sources  were  calibrated  for  various  tempera¬ 
tures  of  In  and  Ga  K-cells  by  measuring  the  growth 
rates  of  various  binary  compounds  such  as  GaAs, 
InAs,  InP  and  GaP  from  the  RHEED  oscillation 
period.  On  the  other  hand,  TBP  was  used  as  the  phos¬ 
phorus  source  and  was  decomposed  to  obtain  a  P2 
supply  by  a  newly  designed  high  efficiency  cracker  cell 
[5,6]  at  cracking  temperatures,  Ter,  of  800  or  900°C. 
As  for  the  n-type  dopant,  elemental  Si  was  used. 

In  this  study,  two  different  kinds  of  samples  were 
grown  on  (OOl)-oriented  semi-insulating  GaAs  sub- 


Fig.  2.  RHEED  intensities  taken  during  the  growth  of  InGaP 
layers  on  As-rich  c(4  x  4)  and  As-stabilized  (2  x  4)  GaAs  sur¬ 
faces. 


strates  as  shown  in  Fig.  1 .  One  is  undoped  or  Si-doped 
single  InGaP  layers,  as  shown  in  Fig.  1(a)  and  the 
other  is  an  undoped  InGaP/GaAs/InGaP  QW  samples 
as  shown  in  Fig.  1(b).  Thickness  of  the  InGaP  layers 
in  the  single  layer  sample  shown  in  Fig.  1(a)  were 
about  1  pm,  unless  otherwise  noted.  On  the  other 
hand,  the  thickness  of  the  GaAs  buffer  layer  for  all  the 
single  layer  sample  was  100  nm. 

As  for  the  QW  samples,  three  QW  samples  having 
different  thickness  of  GaAs  QW  layers,  ?QW,  of  4,  5 
and  6  nm  were  grown  in  this  study.  The  thickness  of 
the  undoped  GaAs  buffer  layer,  that  of  the  bottom 
InGaP  barrier  layer  and  that  of  the  top  InGaP  barrier 
layer  were  500,  100  and  150  nm,  respectively,  in  all  the 
QW  samples. 

In  this  study,  a  fixed  TBP  flow  rate  of  4  seem  was 
used  for  all  the  growth  of  InGaP  layers.  The  beam  flux 
intensities  of  In  and  Ga  were  chosen  so  as  to  grow 
Ino.4sGao.52P  layers  lattice-matched  to  GaAs  with  a 
growth  rate  of  0.63  ML/s.  The  growth  rate  for  GaAs 
layers  was  0.33  ML/s,  which  was  achieved  without 
changing  the  Ga  K-cell  temperature  for  InGaP 
growth. 

All  the  InGaP  layers  on  the  GaAs  buffer  layers  were 
grown  on  the  As-stabilized  (2  x  4)  GaAs  surfaces, 
which  led  to  the  stable  layer-by-layer  growth  of  InGaP 
layers,  showing  clear  and  persistent  RHEED  oscil¬ 
lation  as  shown  in  Fig,  2  [6].  On  the  other  hand, 
growth  of  the  InGaP  layer  on  an  As-rich  c(4  x  4) 
GaAs  surface  was  found  to  result  in  the  growth  with¬ 
out  RHEED  oscillations  as  also  shown  in  Fig.  2. 
Therefore,  in  the  growth  of  InGaP  layers  below  510°C, 
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Fig.  3.  AFM  images  of  (a)  GaAs  buffer  layer  and  those  of 
InGaP  layers  grown  at  (b)  490°C  and  (c)  510°C.  AFM  line- 
profiles  along  lines  A-A',  B-B'  and  C-C'  are  also  shown. 


Fig.  4.  Room-temperature  PL  spectra  of  the  InGaP  layers 
grown  at  various  temperatures. 


Smoothness  of  the  InGaP  layers  were  characterized  by 
AFM  observations  and  their  line-profile  analysis. 
Characteristics  of  the  InGaP/GaAs  heterointerfaces 
were  investigated  by  performing  low-temperature  PL 
measurements  for  InGaP/GaAs  QW  samples.  The  PL 
measurements  were  made  using  an  optical  multi-chan¬ 
nel  analyzing  system  (Acton  Research  Corporation 
SpectraPro-750)  under  irradiation  of  514.5  nm  emis¬ 
sion  line  of  the  Ar+  laser. 


3.  Results  and  discussion 


As4  flux  was  shut  off  at  510°C  and  left  the  surface 
under  the  residual  As  pressure  in  the  chamber  in  order 
to  prevent  change  of  the  GaAs  surface  reconstruction 
from  As-stabilized  (2  x  4)  to  As-rich  c(4  x  4). 

As  is  well  known  for  the  conventional  MBE  growth 
of  GaAs  layer,  a  persistent  RHEED  oscillation  is  an 
indication  of  realization  of  a  stable  layer-by-layer 
growth  mode.  According  to  our  previous  study,  the 
number  of  observable  RHEED  oscillation  cycles 
becomes  a  maximum  at  480-500°C.  Therefore,  in  this 
study,  growth  of  InGaP  layers  was  carried  out  in  this 
temperature  range.  The  GaAs  buffer  layers  were  grown 
at  580°C,  whereas  the  GaAs  QW  layers  were  grown  at 
the  same  temperature  range  for  InGaP  growth. 

Optical  and  electric  properties  of  the  undoped  and 
Si  doped  single  InGaP  layers  shown  in  Fig.  1(a)  were 
characterized  by  PL  and  Hall  measurements  at  300  K. 


3.1.  Morphology  and  optical  properties  of  In0A8Ga0.52^ 
layers 

Fig.  3  shows  AFM  images  of  InGaP  layers  grown  at 
490  and  510°C  together  with  that  of  the  GaAs  buffer 
layer.  In  this  case,  the  thickness  of  the  InGaP  layers 
were  28  nm.  AFM  line-profiles  along  lines  A- A',  B-B' 
and  C-C'  are  also  shown  in  Fig.  3.  It  is  found  from 
Fig.  3  that  a  relatively  smooth  surface  morphology  of 
InGaP  was  obtained  at  Tg  =  490°C,  whereas  growth  at 
a  higher  temperature  of  510°C  resulted  in  a  rough  sur¬ 
face  with  3-dimensional  island  like  structures. 
Moreover,  all  the  growth  of  InGaP  layers  above 
Tg=510°C  resulted  in  quite  rough  surfaces  due  to  the 
In-droplet  formation  on  the  surface  caused  by  thermal 
desorption  of  phosphorous  during  the  growth  [5]. 

Band  edge  PL  emission  is  known  to  provide  infor¬ 
mation  on  the  quality  of  the  crystal.  Fig.  4  shows  the 
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Fig.  5.  Dependences  of  the  electron  concentrations  of  Si- 
doped  InGaP  layers  and  GaAs  layers  on  the  Si  K-cell  tem¬ 
peratures. 


Fig.  6.  Relationship  between  the  carrier  concentrations  and 
Hall  mobilities  of  the  undoped  and  Si  doped  InGaP  layers 
measured  at  300  K.  The  best  values  reported  so  far  for  var¬ 
ious  growth  methods  are  also  plotted.  Theoretically  expected 
fi-n  relationship  for  two  compensation  ratios  of  Na/Nd  =  0 
and  0.5  are  also  shown  [7]. 


room-temperature  PL  spectra  of  the  InGaP  layers 
grown  at  various  temperatures.  In  all  the  PL  spectra, 
the  dominant  peaks  around  1.9  eV  were  assigned  as 
band  edge  emission  of  the  InGaP  layers.  These  peak 
positions  almost  agree  with  the  data  obtained  for  the 
In0.48Ga0.52P  layer  with  no  natural  ordering  grown  by 
GSMBE  using  TBP  [2],  indicating  that  substantial 
ordering  does  not  exist  in  the  present  InGaP  layers.  It 
is  also  seen  in  Fig.  4  that  the  peak  intensity  increases 
with  increasing  growth  temperature  up  to  485°C,  indi¬ 
cating  improvement  of  the  crystal  quality  of  the  InGaP 
layer.  Furthermore,  the  narrowest  PL  line  width  of  32 
meV  was  achieved  at  T’g  =  485°C.  On  the  other  hand, 
the  InGaP  layers  grown  above  510°C  showed  no  PL 
emission  at  room  temperature. 

According  to  the  above  results,  growth  within  a 
narrow  temperature  range  around  490°C  gives  InGaP 
layers  with  a  good  crystal  quality  and  surface  mor¬ 
phology. 

3.2.  Electrical  properties  of  In0_48Ga0.52p  layers 

From  the  Hall  measurements,  the  undoped  InGaP 
layer  grown  under  the  optimum  growth  condition  was 
found  to  have  n-type  conduction  with  a  low  carrier 
concentration  value  of  1  x  1015  cm-3.  As  for  the  Si- 
doped  InGaP  layers,  the  electron  concentrations  were 
plotted  versus  the  reciprocal  Si  K-cell  temperatures  in 
Fig.  5  together  with  the  data  for  GaAs.  As  seen  in  Fig. 


5,  an  exponential  doping  behavior  in  the  plot  of  elec¬ 
tron  concentration  versus  the  Si  K-cell  temperature 
was  obtained  for  n-type  doping  of  InGaP  layers.  It  is 
noted  that  there  is  no  indication  of  carrier  density  sat¬ 
uration  up  to  2  x  1019  cm-3.  The  capability  of  a  wide 
range  of  electron  concentrations  from  1  x  1015  to 
2  x  1019  cm-3,  as  well  as  a  simple  exponential  doping 
behavior  versus  the  reciprocal  Si  K-cell  temperature  in 
the  present  InGaP  growth,  are  obviously  favorable  for 
the  growth  of  wafers  for  actual  devices. 

The  slopes  of  both  the  doping  characteristic  lines  for 
the  InGaP  and  the  GaAs  were  almost  identical. 
However,  the  electron  concentration  values  for  InGaP 
are  about  3.5  times  smaller  than  those  for  GaAs  at  the 
same  Si  K-cell  temperatures,  indicating  the  existence  of 
a  certain  compensation  mechanism.  Such  a  discrepancy 
between  the  doping  characteristics  for  InGaP  grown 
by  GSMBE  using  TBP  and  GaAs  was  also  reported  by 
Beam  III  et  al.  [2]. 

The  relationship  between  the  carrier  concentrations 
and  Hall  mobilities  of  the  undoped  and  Si  doped 
InGaP  layers  measured  at  300  K  are  plotted  in  Fig.  6 
together  with  the  best  values  reported  so  far  for  var¬ 
ious  growth  methods.  The  theoretically  expected  p-n 
relationships  for  two  compensation  ratios  of  NA/ 
Nd  =  0  and  0.5  are  also  plotted  in  Fig.  6  [7]. 

As  seen  in  Fig.  6,  the  undoped  InGaP  layer  grown 
in  this  study  locates  the  left-upper  side  of  Fig.  6  and 
lies  on  the  theoretical  curve,  indicating  realization  of 
high  quality  InGaP  layer.  Moreover,  its  electron  mobi- 
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Photon  Energy  (eV) 

Fig.  7.  PL  spectrum  of  InGaP/GaAs  quantum  well  having  a 
well  thickness  of  /QW  =  4  nm  taken  at  20  K. 


lity  value  of  3300  cm 2/V  s  is  not  only  the  best  data  for 
In048Ga0.52P  layers  grown  by  TBP-based  MBE  but 
also  among  the  best  data  obtained  by  various  growth 
methods  [2-4, 8,9].  To  arrive  at  this  conclusion,  the 
possibility  of  conduction  contribution  from  the  under¬ 
lying  undoped  GaAs  buffer  layer  was  carefully  checked 
and  ruled  out.  Namely,  the  conduction  type  of  the 
MBE  grown  undoped  GaAs  was  a  weak  p-type  with  a 
carrier  concentration  of  1014— 1015  cm-3  and  a  hole 
mobility  value  of  a  few  100  cm2/V  s.  This  provides  a 
high  parallel  sheet  resistance  separated  by  a  p-n  bar¬ 
rier  and,  thus,  should  be  negligible.  On  the  other  hand, 
in  the  unlikely  case  where  the  electron  conduction  in 
the  GaAs  buffer  layer  dominates  over  the  conduction 
within  the  1pm  thick  InGaP  layer  by  some  mechanism, 
the  observed  electron  mobility  should  be  7000-8000 
cm 2/V  s,  as  routinely  observed  in  high  quality  pure 
GaAs  sample.  The  observed  mobility  value  of  3300 
cm2/V  s  is  much  lower  than  this. 

The  Hall  mobilities  of  the  Si  doped  InGaP  layers 
were  smaller  than  those  of  the  theoretical  p-n  curve 
assuming  NA/ND  =  0.5  as  seen  in  Fig.  6.  This  is  prob¬ 
ably  due  to  an  increase  of  compensation  ratio  which 
took  place  with  Si  doping.  As  already  mentioned  in 
explaining  Fig.  5,  electron  concentrations  in  InGaP 
were  smaller  than  those  in  GaAs  for  the  same  Si  cell 
temperature.  This  may  be  due  to  incorporation  of 
acceptors  during  growth,  thereby  increasing  the  com¬ 
pensation  ratios,  whether  Si  themselves  act  partially  as 
acceptors  or  some  other  acceptors  are  produced  is  not 
yet  clear.  However,  although  these  mobility  values  of 
the  Si  doped  InGaP  samples  are  smaller  than  those  by 
MOVPE,  they  were  almost  the  same  as  those  by 
GSMBE  using  PH3  [9,10]. 


Fig.  8.  Dependence  of  the  position  of  the  PL  peak  due  to  the 
InGaP/GaAs  QWs  on  the  QW  thickness.  Theoretically 
expected  relationship  between  the  PL  peak  position  and  the 
QW  thickness  assuming  various  values  of  AEC  are  also 
shown. 


3.3.  Characteristics  of  Ino.4sGao.52P I  GaAs 
heterointerface  and  band  lineup 

The  PL  spectrum  of  the  InGaP/GaAs  quantum  well 
having  a  well  thickness  of  /qw  =  4  nm  taken  at  20  K  is 
shown  in  Fig.  7.  In  Fig.  7,  PL  peaks  around  1.52  eV 
and  that  at  1.92  eV  can  be  assigned  as  emissions  from 
the  bulk  GaAs  and  the  InGaP  barrier  layers,  respect¬ 
ively.  Therefore,  peaks  observed  around  1.7  eV  seem 
to  come  from  the  GaAs  QW  layer  itself.  The  sharp 
spectra  indicate  formation  of  a  sharp  heterointerface. 
Existence  of  the  double  peaks  may  be  due  to  one 
mono-layer  thickness  variation  in  the  GaAs  QW.  The 
PL  spectra  of  the  QW  samples  having  a  QW  layer 
thickness  of  5  and  6  nm  also  showed  the  peaks 
due  to  the  bulk  GaAs  and  to  the  InGaP  barrier  layers 
around  1.52  and  1.92  eV,  respectively,  whereas  the 
position  of  the  PL  peak  due  to  the  GaAs  QWs  shift 
systematically  to  a  lower  energy  side  with  increasing 
QW  thickness  as  shown  in  Fig.  8.  In  Fig.  8,  the  theor¬ 
etically  expected  relationships  between  the  PL  peak 
position  and  the  QW  thickness  assuming  various 
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Fig.  9.  Band  lineup  at  InGaP/GaAs  heterointerface  with  a 
large  conduction  band  discontinuity  value  A Ec  of  390  meV. 
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values  of  A Ec  are  also  shown.  As  shown  here,  the 
observed  dependence  of  the  PL  peak  position  on  the 
QW  thickness  agrees  reasonably  with  the  theoretical 
curve  calculated  using  a  large  conduction  band  discon¬ 
tinuity  value  A Ec  of  390  meV  as  schematically  illus¬ 
trated  in  Fig.  9.  This  large  value  of  A Ec  was  reported 
by  Kodama  et  al.  [11]  by  transport  measurements  for 
InGaP/GaAs  single  heterostructures  grown  by  chloride 
VPE. 

However,  it  should  also  be  noted  that  an  extremely 
large  difference  of  30-390  meV  exists  in  the  reported 
values  of  AEC  [11-16]  and  our  data  in  this  study 
agrees  with  the  largest  value  exist  in  these  reports.  At 
present,  we  do  not  know  why  such  a  large  variation  of 
A Ec  can  take  place  in  this  system.  One  possibility  is 
that  A Ec  of  the  InGaP/GaAs  heterointerface  is  depen¬ 
dent  on  the  growth  method  and  conditions.  Another 
possibility  is  that  the  incorporation  of  P  into  the  GaAs 
QW  layer  may  give  rise  to  similar  effects  on  the  PL 
peak  positions.  Namely,  it  may  shifts  the  PL  peak 
energy  to  higher  energy  side  either  by  forming  GaAsP 
layer  at  the  interface,  which  may  reduce  the  effective 
QW  thickness  or  by  changing  GaAs  QW  to  GaAsP 
QW.  (B)  A  third  possibility  is  defect  formation  in  the 
barrier  layers  during  QW  formation.  Thus,  a  further 
detailed  study  is  necessary  to  confirm  the  validity  of 
the  large  AEC  value  obtained  here. 


4.  Conclusions 

The  feasibility  of  preparing  device  quality  InGaP/ 
GaAs  heterostructures  by  GSMBE  growth  using  TBP 
was  investigated.  The  main  conclusions  are  listed 
below: 

1.  In  the  GSMBE  growth  of  InGaP  using  TBP,  Si 
doping  was  possible  up  to  the  electron  concen¬ 
tration  of  2  x  1019  cm-3  without  carrier  saturation. 

2.  All  of  the  undoped  and  doped  InGaP  layers  showed 
electron  mobilities  comparable  to  those  reported  for 
InGaP  layers  grown  by  other  methods. 

3.  The  InGaP/GaAs  QW  samples  showed  intense  and 


narrow  PL  emission  lines,  indicating  the  realization 
of  high  quality  InGaP/GaAs  heterointerface. 

4.  Observed  PL  peak  positions  of  the  QWs  can  be 
explained  by  assuming  a  large  conduction  band  dis¬ 
continuity  value  (AEc)  of  390  meV  at  the  InGaP/ 
GaAs  interface.  However,  further  work  is  necessary 
to  confirm  this. 
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Abstract 

Kelvin  probe  force  microscopy  (KFM)  has  proven  to  be  an  attractive  method  to  measure  the  potential  profile  of 
the  GaAs  devices.  We  have  applied  the  KFM  technology  to  the  GaAs  MESFETs  passivated  with  low-temperature 
(LT)  grown  GaAs  cap  layer,  which  was  introduced  to  realize  high  breakdown  voltage  by  lowering  the  electric  field 
at  the  gate  edge  of  the  drain  side.  It  was  shown  that  the  amplitude  of  the  alternating  voltage  (Fac)  applied  to  the 
MESFETs  to  detect  the  electrostatic  force  between  the  devices  and  the  tip  gave  little  difference  in  the  measured 
potential  profile.  High-field  regions  at  the  gate  edge  of  the  drain  side  was  not  so  clear  as  the  previous  report  on 
GaAs  HEMTs.  The  role  of  the  LT  GaAs  cap  layer  to  relax  the  high-field  at  the  gate  edge  was  not  confirmed 
because  similar  potential  profile  was  obtained  between  those  with  and  without  LT  GaAs  cap  layer.  The  obtained 
results  were  compared  with  the  simulation  results.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

The  shrinkage  of  semiconductor  devices  to  the  sub¬ 
micrometer  level  has  led  to  the  need  for  the  direct 
measurement  of  two-dimensional  potential  profile  with 
nanometer  scale  resolution.  Recently  Nonnenmacher  et 
al.  [1]  have  developed  Kelvin  probe  force  microscopy 
(KFM)  for  the  surface  potential  measurement.  The 
technology  is  based  on  the  electrostatic  force  measure¬ 
ment  between  the  tip  and  the  sample  surface.  Contact 
potential  difference  was  measured  and  reported  on 
metal  surfaces  [1]  and  Si  pn  junctions  [2].  Vatel  applied 
this  technique  to  the  potential  distribution  measure- 


*  Corresponding  author. 


ment  of  a  thin  InGaAs  resistor  [3].  Two-dimensional 
dopant  profiles  of  the  Si  pn  junction  were  also 
reported  [4,5].  Although  KFM  was  proved  to  be  effec¬ 
tive  in  electrical  characterization  of  the  devices,  there 
were  few  reports  on  the  measurement  of  the  cross-sec¬ 
tional  potential  profile  of  the  GaAs  devices  under  bias 
voltage.  This  information  is  very  important  for  under¬ 
standing  both  the  transport  properties  and  device  phy¬ 
sics,  which  are  indispensable  for  the  development  of 
novel  devices  and  improvement  of  the  device  perform¬ 
ance. 

Recently,  we  have  reported  that  Kelvin  probe  force 
microscopy  was  successfully  applied  to  the  measure¬ 
ments  of  two-dimensional  potential  profile  of  the 
GaAs  devices  under  bias  voltage  [6,7].  A  high-field 
region  was  observed  at  the  gate  edge  of  the  drain  side. 
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Fig.  1.  Schematic  diagram  of  the  KFM  measurement  system. 

The  high-field  region  at  the  gate  edge  is  responsible  for 
the  avalanche  breakdown.  A  novel  type  of  GaAs 
MESFETs  using  low-temperature  (LT)  grown  GaAs 
cap  layer  as  a  low-conductive  bypass  has  also  been 
proposed  to  relax  the  high  field  at  the  gate  edge,  result¬ 
ing  in  a  high  breakdown  voltage  [8]. 

In  this  paper,  we  report  on  the  results  of  applying 
KFM  technology  to  the  GaAs  MESFETs  with  LT 
GaAs  cap  layer.  Two-dimensional  potential  profiles  of 
the  GaAs  MESFETs  with  and  without  the  LT  GaAs 
cap  layer  will  be  compared. 


2.  KFM  measurement  system 

Fig.  1  shows  a  schematic  diagram  of  the  KFM 
measurement  system.  The  system  has  two  feedback 
loops  with  deflected-light  monitoring  system:  the  Z 
feedback  loop  is  used  for  the  control  of  the  z-axis  pos¬ 
ition  of  the  sample,  and  the  other  is  used  for  the  sur¬ 
face  potential  measurements.  The  operation  principle 
of  the  KFM  is  based  on  the  measurement  of  electro¬ 
static  force  which  arises  when  potential  difference 
exists  between  the  tip  and  the  sample  surface.  An  alter- 


Table  1 

KFM  measurement  condition 


Measurement  temperature 

Room  temperature 

Atmosphere 

In  air 

Cantilever 

Si  tip  (Au/Cr  coat) 

Tip  radius 

30  nm 

Spring  constant 

1.5  N/m 

Alternating  voltage  ( Vac ,  co) 

3  V,  8  kHz 

Resonant  frequency  of  the  cantilever  (mr) 

23.6  kHz 

nating  voltage  Kacsin(cnt)  (w  =  8  kHz)  and  a  DC  bias 
voltage  Koir  were  applied  to  the  sample  holder  to 
measure  the  surface  potential  Vs  of  the  sample.  The  co 
component  of  the  electrostatic  force  is  proportional  to 
Koff+  Vs.  Then,  when  the  DC  bias  voltage  Koff  is 
adjusted  so  that  the  amplitude  of  the  co  component  of 
the  electrostatic  force  becomes  zero,  the  sample  surface 
potential  can  be  determined  as  —  Koff.  The  tip-to- 
sample  distance  is  controlled  using  the  cor  force  com¬ 
ponent  similar  to  the  noncontact-mode  AFM.  Hence  a 
two-dimensional  potential  image  and  a  topographic 
map  can  be  obtained  simultaneously.  The  measure¬ 
ments  were  carried  out  in  an  air  ambient  at  room  tem¬ 
perature.  The  measurement  conditions  are  summarized 
in  Table  1.  A  Au/Cr-coated  Si  cantilever  with  a  tip 
radius  of  about  30  nm  was  used  for  the  measurements. 
The  tip-to-sample  distance  estimated  from  force  curve 
was  about  30  nm.  The  cantilever  was  driven  by  a 
piezoelectric  bimorph  transducer  at  a  frequency  of  cor 
(cor  =  20-25  kHz  depending  on  the  cantilever),  which  is 
slightly  above  the  resonant  frequency  of  the  cantilever. 


3.  Experimental 

Fig.  2  shows  a  schematic  cross-sectional  view  of  the 
measured  GaAs  MESFETs  with  and  without  a  LT 
GaAs  cap  layer  (LT-MESFETs  and  C-MESFETs, 
hereafter).  The  epitaxial  layer  structure  was  grown  by 


source  gate  drain  source  gate  drain 


sin  MM 

. ■# 

^MM 

«-  LT-GaAs  80nm 

*-  AlAs  20nm 

«-  n-GaAs  62.5nm 
(ND=8X10,7cm-3) 

^  i-GaAs  600nm 

n-GaAs  150nm 
(Nd=3  X  1 0 1 7cm"3) 

Buffer 

Buffer 

S.I.  GaAs  Sub. 

S.I.  GaAs  Sub. 

(a) 


(b) 


Fig.  2.  Schematic  cross  section  of  the  measured  MESFETs  (a)  with  and  (b)  without  the  LT  GaAs  cap  layer. 
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Table  2 

Breakdown  voltages  of  GaAs  MESFETs 


Fgs  =  0V 

FgS-  Vth 

With  LT 

16  V 

32  V 

Without  LT 

12  V 

25  V 

MBE.  The  LT  GaAs  with  80  nm  thickness  was  grown 
at  200°C.  The  post-growth  anneal  which  is  usually  per¬ 
formed  to  obtain  GaAs  layer  with  high  resistivity  was 
not  employed,  resulting  in  a  low-conductive  layer.  The 
layer  is  used  as  a  low-conductive  bypass  with  linear  I- 
V  characteristics  [8].  It  imposes  an  essentially  constant 
lateral  surface  field,  smoothing  the  lateral  high-field  in 
the  channel.  The  AlAs  layer  with  20  nm  thickness  was 
grown  to  prevent  the  in-diffusion  of  excess  As  from 


the  LT  layer.  The  designed  values  of  doping  concen¬ 
tration  and  the  thickness  of  the  channel  layer  are 
8  x  1017  cm-3  and  62.5  nm  for  the  LT-MESFETs,  and 
3  x  1017  cm"3  and  150  nm  for  the  C-MESFETs,  re¬ 
spectively.  The  nominal  gate  length  and  gate-drain  spa¬ 
cing  were  1.2  and  2.4  pm,  respectively.  The  source- 
drain  breakdown  voltages  of  the  measured  MESFETs 
are  summarized  in  Table  2.  They  were  16  and  32  V  at 
Fgs“0  Y  and  VGS=  Vth  for  the  LT-MESFETs,  which 
were  larger  than  those  for  the  C-MESFETs,  12  and 
25  V,  respectively.  The  larger  breakdown  voltage  even 
with  higher  doping  concentration  in  the  channel  of  the 
LT-MESFETs  may  be  due  to  the  LT  GaAs  cap  layer. 
KFM  measurements  were  performed  on  cleaved  sur¬ 
faces  of  the  GaAs  MESFETs.  Fig.  3  (a)  and  (b)  show 
the  drain  and  gate  I-V  characteristics  of  the  LT-  and 
C-MESFETs  prepared  by  cleavage  for  the  measure- 
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Fig.  3.  Drain  and  gate  I-V  characteristics  of  the  GaAs  MESFETs  (a)  with  and  (b)  without  the  LT  GaAs  cap  layer. 
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Fig.  4.  The  contour  lines  of  the  measured  potential  profile  of  the  GaAs  LT-MESFET  for  various  Vac  of  3,  5,  7,  and  10  V.  Voltage 
step  of  contour  line  is  100  mV.  The  biased  voltage  are  FDS  =  3  V  and  KGS  =  -1  V. 


ments.  The  transconductances  of  the  LT-  and  C- 
MESFETs  were  144  and  83  mS/mm,  respectively.  Even 
though  the  reason  for  small  gm  of  the  C-MESFETs  is 
not  so  clear,  the  doping  concentration  and/or  the 
channel  thickness  might  be  smaller  than  the  designed 
values.  It  causes  a  large  source  resistance  resulting  in 
gm  decrease.  The  drain  current  ratios  between  those 
before  and  after  the  cleavage  were  0.807  and  0.759  for 
the  LT-  and  C-MESFETs,  respectively.  The  ratios 
were  almost  equal  to  the  ratios  of  the  gate  width 
before  and  after  the  cleavage,  0.793  and  0.732  for  the 
LT-  and  C-MESFETs,  respectively.  The  gate  I-V 
curves  do  not  show  any  extra  leakage  current,  as 
shown  in  Fig.  3.  These  suggest  that  the  cleavage  did 
not  cause  any  damage  on  the  I-V  characteristics  of  the 
MESFETs. 

In  order  to  study  the  effects  of  the  amplitude  of  the 
alternating  voltage  Vac  on  the  measurements,  the  po¬ 
tential  profile  of  the  LT-MESFET  was  measured  for 
various  Vac.  The  drain  and  gate  voltages  were  3  and 
-1  V,  respectively.  The  measured  two-dimensional  po¬ 
tential  image  and  the  potential  profile  parallel  to  the 


device  surface  are  shown  in  Figs.  4  and  5.  Similar 
results  are  obtained  even  if  the  Vac  is  changed  from  3 


source  gate  drain 


Distance  [pm] 


Fig.  5.  Potential  distribution  parallel  to  the  device  surface 
along  the  AA'  line  in  Fig.  4  for  various  Fac. 
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Fig.  6.  The  contour  lines  of  the  measured  potential  profile  of  the  GaAs  MESFET  without  the  LT.  Voltage  step  of  contour  line  is 
100  mV.  The  bias  voltages  are  FDs  =  3  V  and  FGs  =  — 1  V. 


to  10  V,  as  shown  in  the  figures.  Then,  the  following 
experiments  were  performed  at  small  Vac  of  3  V  to 
avoid  its  effect  on  device  operation.  Even  though  high- 
density  contour  lines  are  observed  at  the  drain  side, 
the  high  field  at  the  gate  edge  of  the  drain  side  is  not 
so  clear  as  the  previous  report  on  GaAs  HEMTs  [7]. 
The  LT  GaAs  cap  layer  may  contribute  to  relax  the 
high  field  at  the  gate  edge. 

In  order  to  confirm  the  role  of  the  LT  GaAs  cap 
layer  which  was  introduced  to  smooth  lateral  high  field 
in  the  channel,  a  C-MESFET  without  LT  cap  layer 
was  also  measured  for  comparison.  The  measured  po¬ 
tential  image  is  shown  in  Fig.  6.  KDS  and  KGS  were  3 
and  —IV,  respectively.  Similar  image  as  that  of  the 
LT-MESFET  is  obtained.  The  potential  distribution  of 
the  LT-  and  C-MESFETs  parallel  to  the  device  surface 
is  shown  in  Fig.  7.  The  electric  field  difference  between 
the  two  is  not  so  clear.  According  to  the  simulation, 
the  maximum  field  of  the  LT-MESFET  is  lower  by  a 
factor  of  3  than  that  of  the  C-MESFET  [9].  This  was 
explained  by  electron  redistribution  in  the  LT  GaAs 
cap  layer  so  as  to  linearize  the  lateral  potential  and 
lower  the  field  at  the  gate  edge  of  the  drain  side  in  the 


Fig.  7.  Potential  distribution  along  the  surface  of  the 
MESFETs  with  and  without  the  LT  GaAs  cap  layer.  The  bias 
voltages  are  KDS  =  3  V  and  KGS  =  -1  V. 


channel.  The  measured  breakdown  voltage  of  the  LT- 
MESFETs  was,  on  the  other  hand,  not  so  high  as 
expected  from  the  simulation.  It  was  about  30%  higher 
than  that  of  the  C-MESFET.  Then  the  difference  in 
the  maximum  electric  field  between  the  LT-  and  C- 
MESFETs  may  not  be  so  great.  The  fact  that  similar 
potential  profiles  parallel  to  the  device  surface  were 
obtained  for  both  types  of  devices  means  that  it  might 
be  difficult  to  detect  this  amount  of  electric  field  differ¬ 
ence  by  the  present  KFM. 

In  our  previous  study,  the  voltage  resolution  was 
less  than  10  mV  [6],  which  is  sufficiently  high  to  detect 
the  electric  field  difference.  The  spatial  resolution  was 
estimated  to  be  about  40  nm  for  the  InAlAs/InGaAs 
heterostructures  [10].  The  resolution  is  dependent  on 
the  shape  of  the  tip,  cantilever  and  lateral  inhomogen¬ 
eity  in  the  surface  topography  and  potential  [11].  This 
is  because  the  Voff  which  is  applied  to  minimize  the 
electrostatic  force,  is  the  weighted  average  of  the  work 
function  difference  and  capacitive  components  between 
the  probe  and  the  sample  surface.  Further  improve¬ 
ment  on  the  present  KFM  system  will  be  possible  by 
suppressing  the  effects  of  these  parasitic  coupling. 

Fig.  8  shows  cross-sectional  potential  images  of  the 
LT-MESFETs  for  different  drain  voltages  of  KDS=1, 
2,  and  3  V.  The  gate  voltage  VGS  was  -1  V.  The 
MESFET  was  biased  in  a  linear  region  at  KDs =  1  and 
2  V,  and  on  a  saturation  point  at  KDS  =  3  V.  The  den¬ 
sity  of  contour  lines  increased  gradually  as  the  drain 
voltage  was  increased.  Fig.  9  shows  potential  profiles 
along  the  surface  of  the  MESFET.  The  increase  in  the 
drain  voltage  causes  the  electric  field  to  increase  at  the 
drain  side,  in  contrast  with  a  small  change  in  the  po¬ 
tential  profile  at  the  source  side.  These  phenomena 
qualitatively  agree  with  the  simulation  results. 

Fig.  10  shows  the  contour  lines  of  the  simulated  po¬ 
tential  profile  of  the  GaAs  MESFET  without  LT  cap 
layer  at  saturation  region  (FDS  =  3  V  and  FGs=— 1  V). 
If  the  high  field  is  formed  in  a  narrow  region  at  the 
gate  edge  as  shown  in  the  figure,  breakdown  voltage 
does  not  strongly  depend  on  the  gate-drain  length 
because  almost  all  voltage  drop  occurs  at  the  gate 
edge.  However  we  often  experience  that  the  breakdown 
voltage  is  dependent  on  the  gate-drain  length.  The  po- 
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Fig.  8.  The  contour  lines  of  the  measured  potential  profile  of  the  MESFETs  with  the  LT  GaAs  cap  layer  for  FDS  of  1,  2,  and  3  V. 
Voltage  step  of  contour  line  is  100  mV.  The  gate  voltage  is  -1  V. 


tential  profile  shown  in  Figs.  7  and  9  can  explain  the 
behavior  of  the  breakdown  voltage  because  the  electric 
field  is  dependent  on  the  gate-drain  length.  If  minus 
charge  exists  at  the  device  surface  or  the  buffer  layer, 
it  will  relax  the  high  field  at  the  gate  edge. 

The  contour  lines  in  Fig.  10  are  perpendicular  to  the 
substrate  surface  because  the  simulation  was  per¬ 
formed  under  a  boundary  condition  of  floating  sub¬ 
strate.  The  measured  potential  profile,  on  the  other 
hand,  shows  different  behavior.  It  shows  a  tendency  to 
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Fig.  9.  Potential  distribution  along  the  AA'  line  in  Fig.  8  for 
various  FDS.  The  gate  voltage  is  -1  V. 


be  parallel  to  the  substrate  surface,  especially  under 
the  source  electrode  as  shown  in  Figs.  4,  6  and  8.  This 
is  pronounced  in  the  case  of  LT-MESFETs  and  may 
be  related  to  the  fact  that  the  electrical  characteristics 
of  the  buffer  layer  might  be  different  between  the  LT- 
and  C-MESFETs.  Fig.  11  shows  depth  profiles  of  the 
measured  potential  under  (a)  source,  (b)  gate,  and  (c) 
drain  electrodes.  Under  the  drain  electrode,  the  voltage 
decreases  toward  the  substrate  direction  in  agreement 
with  the  simulation  results.  Under  the  source  and  gate 
electrodes,  on  the  other  hand,  it  increases  toward  the 
substrate.  This  is  equivalent  to  the  fact  that  there  is  a 
downward  electron  flow,  which  is  not  allowed  in 
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Fig.  10.  The  contour  lines  of  the  simulated  potential  profile  of 
the  MESFETs  at  saturation  region  (FDS  =  3  V  and 
Fgs  =  -1V). 
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Fig.  1 1 .  Depth  profile  of  the  measured  potential  profile  of  the 
MESFETs  with  and  without  the  LT  GaAs  cap  layer  under  (a) 
source,  (b)  gate,  and  (c)  drain  electrodes.  The  bias  voltages 
are  FDS  =  3  V  and  FGs  =  -l  V. 

devices  without  backside  electrode.  The  tendency  of 
the  voltage  increase  toward  the  substrate  is  notable  in 
the  case  of  LT-MESFET.  Lateral  inhomogeneity  in  the 
surface  potential  might  be  responsible  for  this  discre¬ 
pancy  in  addition  to  the  difference  in  the  electrical 
characteristics  of  the  buffer  layer  between  the  two 
devices.  Further  study  is  necessary  to  clarify  this  point. 


4.  Conclusion 

Kelvin  probe  force  microscopy  (KFM)  technology 
has  been  applied  to  the  GaAs  MESFETs  passivated 
with  low-temperature  (LT)  grown  GaAs  cap  layer, 
which  was  introduced  to  realize  high  breakdown  vol¬ 
tage  by  lowering  the  electric  field  at  the  gate  edge  of 
the  drain  side.  It  was  shown  that  the  amplitude  of  the 
alternating  voltage  (Fac)  applied  to  the  MESFETs  to 
detect  the  electrostatic  force  between  the  device  and 
the  tip,  gave  little  difference  in  the  measured  potential 
profile.  High-field  regions  at  the  gate  edge  of  the  drain 
side  were  not  so  clear  as  the  previous  report  on  GaAs 
HEMTs.  Even  though  the  LT  GaAs  cap  layer  may 
contribute  to  relax  the  high-field  at  the  gate  edge,  the 
fact  that  a  similar  potential  profile  was  obtained  with 
and  without  LT  GaAs  cap  layer  suggests  that  further 
study  is  necessary  to  confirm  these  features. 
Comparison  of  the  measured  and  simulated  potential 
profiles  suggests  the  existence  of  the  minus  charge  at 
the  device  surface  or  the  buffer  layer  which  will  relax 
the  high  field  at  the  gate  edge. 
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Abstract 

We  apply  in-situ  photoemission  techniques  to  characterize  the  band  profile  in  heterostructure  bipolar  transistors. 
The  measurements  are  performed  on-wafer  on  fully  fabricated  InP  based  HBTs  at  room  temperature.  We 
demonstrate  that  this  technique  is  sensitive  to  detect  and  analyze  barriers  between  emitter  and  base  as  well  as 
between  base  and  collector.  Furthermore,  the  photoresponse  provides  information  on  the  doping  characteristics  of 
the  active  layers.  Published  by  Elsevier  Science  Ltd. 


1.  Introduction 

Heterostructure  bipolar  transistors  (HBTs)  are  being 
developed  for  applications  where  speed,  power,  effi¬ 
ciency,  and  low  noise  are  of  importance.  These  transis¬ 
tors  can  also  be  used  as  fast  photodetectors  [1]. 
Especially,  III-V  compound  semiconductor  based 
HBTs  are  of  interest  due  to  their  high  electron  vel¬ 
ocities  and  mobilities.  A  multitude  of  III-V  compounds 
exist  which  can  be  grown  lattice  matched  or  strained 
to  form  heterostructures.  In  these  transistors,  the  base 
layers  are  chosen  such  that  their  bandgap  is  smaller 
than  that  of  the  emitter  [2]  to  minimize  carrier  injec¬ 
tion  from  the  base  to  the  emitter,  which  is  a  parasitic 
current.  Conduction  and  valence  band  discontinuities 
exist  at  the  heterointerface.  The  conduction  band  dis¬ 
continuity  creates  an  electron  barrier  between  emitter 
and  base.  A  similar  barrier  may  exist  between  base 
and  collector  in  double  heterostructure  HBTs 
(DHBTs).  These  barriers  have  negative  effects  on  the 
device  characteristics.  The  emitter  base  barrier 
increases  the  threshold  voltage  in  n-p-n  HBTs  and 
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reduces  the  uniformity.  A  barrier  between  base  and 
collector  leads  to  charge  storage  in  the  base,  limiting 
the  maximum  output  current.  To  minimize  or  elimin¬ 
ate  the  barriers,  grading  layers  are  often  employed  to 
obtain  a  smooth  transition  of  the  bands.  These  grading 
layers  have  to  be  very  thin  to  retain  low  emitter  or  col¬ 
lector  resistances.  Frequently,  one  or  both  of  these 
emitter,  base,  or  collector  materials  are  ternary  com¬ 
pound  semiconductors,  and  the  grading  layers  need  to 
be  quaternary  compounds.  Furthermore,  both  the 
emitter  and  base  layers  are  relatively  heavily  doped 
and  the  grading  layer  can  only  be  lightly  doped. 
Hence,  diffusion  of  one  or  both  of  the  dopants  into 
the  grading  layer  will  negate  its  function.  The  growth 
of  such  a  non-uniform,  thin  layer  is  difficult  to  accom¬ 
plish  and  more  analytical  techniques  are  needed  to 
assure  that  no  barrier  exists  at  the  heterojunction. 

Barriers  to  electronic  carriers  play  an  important  role 
in  most  semiconductor  devices  and  have  been  evalu¬ 
ated  extensively  [3].  For  example,  the  Schottky  contact 
to  an  n-type  semiconductor  represents  such  a  barrier. 
Several  techniques  exist  to  analyze  the  height  of  the 
barriers,  such  as  the  evaluation  of  the  temperature 
dependence  of  the  current  voltage  behavior  of  diodes, 
capacitance  voltage  studies,  and  photoemission 
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measurements.  In  the  latter  technique,  the  Schottky 
contact  is  illuminated  with  monochromatic  light.  The 
light  is  either  incident  on  the  backside  of  the  structure 
or  on  the  front  side  if  the  metal  layer  is  thin.  The  light 
is  absorbed  in  the  Schottky  metal,  generating  hot  car¬ 
riers.  If  the  energy  of  these  carriers  is  sufficiently  large, 
they  will  be  able  to  pass  over  the  barrier  and  be  col¬ 
lected,  creating  a  photocurrent.  At  very  low  photon 
energies,  the  carriers  have  insufficient  energy  to  cross 
the  barrier.  Hence,  the  threshold  energy  for  the  onset 
of  the  photocurrent  gives  a  direct  measure  of  the  bar¬ 
rier  height. 

In  this  paper  we  apply  the  photoemission  technique 
to  evaluate  heterojunctions  in  fully  fabricated  InP 
based  HBTs  to  assess  if  barriers  exist.  Results  obtained 
on  transistors  from  two  wafers  are  reported.  The  emit¬ 
ter  base  structure  is  nominally  identical  in  both  struc¬ 
tures.  One  wafer  contained  a  base  collector 
heterojunction  (DHBT)  and  the  other  a  homojunction 
(SHBT).  These  were  experimental  wafers,  stemming 
from  a  growth  optimization  study.  Even  though  the 
base  emitter  junctions  were  designed  to  be  identical  for 
both  wafers,  their  electrical  behavior  is  quite  different, 
suggesting  that  they  possess  dissimilar  energy  configur¬ 
ation  due  to  variations  in  growth  parameters. 

2.  Photoemission  measurements 

The  photoemission  studies  are  conducted  on  fully 
fabricated  InP  based  HBTs.  The  measurements  are 
performed  on-wafer  using  backside  illumination. 
Backside  illumination  is  important  since  the  front  side 
is  covered  with  metals,  shading  the  active  areas  of  the 
transistor.  Backside  illumination  is  feasible  since  the 
bandgap  of  the  InP  substrate  is  larger  than  that  of  the 
active  transistor  area.  Hence,  the  substrate  is  transpar¬ 
ent  in  a  photon  energy  range  of  interest  for  these 
measurements.  The  measurements  are  performed  on 
the  base  emitter  diodes  and  the  base  collector  diodes 
and  the  unused  terminals  are  left  floating. 

Fig.  1  shows  schematically  the  energy  diagram  of  an 
emitter-base  heterojunction.  An  InAlAs  emitter  and 
the  InGaAs  base  layers  have  bandgaps  of  approxi¬ 
mately  1.5  and  0.7  eV,  respectively.  Shown  is  also  a 
barrier  in  the  conduction  band  between  the  emitter 
and  the  base.  Such  a  barrier  occurs  in  a  device  without 
grading  layer  due  to  the  conduction  band  discontinu¬ 
ity.  Also,  incorrect  doping  profiles  at  the  junction  or 
improper  growth  of  the  grading  layer  may  lead  to  such 
a  barrier.  Monochromatic  light  is  incident  on  the  back¬ 
side  of  the  transistor  and  reaches  the  diode  if  the  pho¬ 
ton  energy  is  less  than  1.3  eV,  the  bandgap  of  the  InP 
substrate.  Since  the  bandgap  of  the  emitter  is  larger 
than  that  of  the  substrate,  band  to  band  photoexcita¬ 
tion  cannot  take  place  in  this  layer.  Light  is  absorbed 
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Fig.  1.  Band  profile  of  emitter  base  junction  of  an  InGaAs/ 
InAlAs/InP  HBT. 

in  the  base  layer  and  the  photogenerated  electrons  may 
be  emitted  into  the  emitter  layer.  Consequently,  a 
photocurrent  flows  between  the  base  and  emitter  con¬ 
tacts.  As  indicated  in  Fig.  1,  only  photogenerated  elec¬ 
trons  with  sufficient  kinetic  energy  may  be  emitted. 
The  threshold  photon  energy  is  a  measure  of  the 
energy  of  the  barrier,  referenced  to  the  top  of  the 
valence  band  in  the  base  layer.  If  this  barrier  is  suc¬ 
cessfully  eliminated  by  the  use  of  a  grading  layer,  the 
threshold  photon  energy  will  be  equal  to  the  InGaAs 
bandgap  (0.7  eY).  Similar  considerations  hold  for  the 
base  collector  junction. 

The  experimental  setup  has  been  described  pre¬ 
viously  [4,5].  The  measurements  are  performed  on  a 
probe  station  at  room  temperature.  An  Acton  150 
monochromator  provides  chopped,  monochromatic 
light  to  the  backside  of  the  tested  device  via  an  optical 
fiber  cable.  One  end  of  the  optical  fiber  is  mounted  in 
a  hole,  located  in  the  center  of  the  wafer  chuck.  The 
frequency  of  the  mechanical  chopper  can  be  varied 
between  5  and  3000  Hz.  In  our  measurements,  the 
base  of  the  HBT  is  kept  at  ground  potential.  The  emit¬ 
ter  or  collector  terminals  are  connected  to  the  input  of 
a  Stanford  Research  System  SR570  low  noise  current 
preamplifier.  This  amplifier  provides  the  bias  voltage 
to  the  electrode.  The  input  impedance  of  the  amplifier 
depends  on  the  sensitivity  setting  and  is  less  than  100 
Q.  The  output  of  the  amplifier  is  fed  to  a  lock-in¬ 
amplifier  (Stanford  Research  System  SR530),  tuned  to 
the  chopper  frequency  and  to  a  digital  voltmeter.  The 
SR530  measures  the  ac  current  due  to  the  chopped 
light  and  the  digital  voltmeter  the  dc  current.  All 
instruments  are  computer  controlled. 


3.  Experimental  results  on  DHBT 

Measurements  were  performed  on  double  hetero¬ 
structure  bipolar  transistors  (DHBTs).  The  device 
structure  is  shown  in  Table  1.  The  collector  consists  of 
layers  2-5.  Layers  7,  8,  and  9  make  up  the  base,  and 


Table  1 

DHBT  structure 
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Layer  no. 


Layer  description 


Concentration  cm 


Thickness  nm 


13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 


n  +  InGaAs 

n  +  InAlGaAs  grading 

n-AlInAs 

i/n-InGaAlAs  grading 
i  InGaAs  spacer 
p+  InGaAs 
n-InGaAs  spacer 
n-InAIGaAs  grading 
n-AlInAs 
n-AHnAs 
n  + AlInAs 
n  +  InGaAs 
i  InGaAs 
i  InP 


4  x  1019 

5  x  1018 
^  ^  in17 


5  x  1019 
5  x  1016 
5  x  1016 
5  x  1016 
5  x  1016 
5  x  1018 

o  w  i  n19 


120 

7.5 

25 

10 

15 

80 

20 

10 

300 

250 

50 

400 

50 


the  emitter  is  composed  of  layers  11-13.  Emitter,  base, 
and  collector  consist  of  multiple  layers  to  provide  the 
desired  diode  characteristics  as  well  as  low  sheet  resist¬ 
ances.  Layers  7  and  9  are  undoped  spacers  to  minimize 
the  diffusion  of  the  p  +  doping  from  the  heavily  doped 
base  into  the  grading  layers.  Of  importance  are  the 
AlInGaAs  grading  layers  10  and  6  at  the  emitter  base 
junction  and  at  the  base  collector  junction  respectively. 
The  purpose  of  these  layers  is  to  eliminate  the  barrier 
due  to  the  conduction  band  discontinuities  at  the 
Alin  As/Gain  As  heterojunctions. 

Fig.  2  shows  the  current  voltage  characteristics  of  a 
DHBT  with  an  emitter  area  of  5000  pm2.  The  transis¬ 
tors  have  excellent  performance  with  an  off-set  voltage 
of  0.1  V  and  a  gain  of  approximately  20.  The  base  cur¬ 
rent  is  stepped  in  increments  of  100  pA.  The  base  to 
emitter  voltage  is  0.65  V  at  a  base  current  of  400  pA, 
consistent  with  the  narrow  bandgap  base  layer  and  the 
successful  implementation  of  the  emitter  to  base  grad¬ 
ing  layer.  The  Gummel  plots  reveal  ideality  factors  of 


o 


O 
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Collector  -  Emitter  Voltage  [V] 

Fig.  2.  Current  voltage  characteristics  of  DHBT  with  100  pA 
base  current  steps. 


1.1  and  1.2  for  the  collector  and  base  currents,  respect¬ 
ively. 

Fig.  3  presents  the  photoyield  of  the  base  emitter 
and  base  collector  junctions  as  a  function  of  photon 
energy.  The  photoyield  represents  the  photocurrent 
divided  by  the  number  of  incident  photons.  The  mono¬ 
chromator  was  calibrated  using  a  Hilger  and  Watts 
bolometer  and  Ge  and  Si  detectors.  As  expected,  the 
photoyield  is  negligible  for  photon  energies  above 
1.3  eV  since  the  InP  substrate  absorbs  light  in  this 
region.  The  substrate  is  transparent  for  smaller  photon 
energies  and  the  spectral  characteristics  are  obtained. 
The  measurements  are  performed  at  zero  applied  bias 
voltage.  Due  to  the  built  in-voltage  (see  Fig.  1),  photo¬ 
generated  electrons  flow  from  the  base  to  the  emitter 
or  collector.  Photogeneration  does  not  take  place  in 
the  emitter  or  collector  layers  since  their  bandgaps  are 


-4 


Photon  Energy  [eV] 


Fig.  3.  Photoyield  for  emitter  base  and  base  collector  junc¬ 
tions  of  a  DHBT  vs  photon  energy.  The  yield  is  shown  in  log¬ 
arithmic  format. 
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too  large.  Holes,  photogenerated  in  the  base  cannot 
escape  towards  the  emitter  or  collector  due  to  the 
built-in  voltage.  One  observes  a  threshold  photon 
energy  of  approximately  0.7  eV  for  both  the  emitter 
base  and  the  base  collector  junctions.  This  value  is 
consistent  with  photoexcitation  in  the  InGaAs  base 
with  a  bandgap  of  0.7  eV.  These  results  are  proof  that 
no  conduction  band  barrier  exists  either  at  the  emitter 
base  or  the  base  collector  junction.  Such  a  barrier 
would  result  in  a  larger  threshold  photon  energy.  The 
result  is  consistent  with  the  low  base  to  emitter  vol¬ 
tage,  reported  above  and  the  excellent  Gummel  ideality 
factors.  The  absolute  values  and  the  shapes  of  the  two 
curves  are  different.  One  reason  for  the  observed  differ¬ 
ence  is  that  the  area  of  the  base  collector  junction  is 
approximately  three  times  as  large  as  the  emitter  base 
junction  area.  Also,  the  light  intensity  close  to  the 
emitter  base  junction  is  smaller  than  at  the  base  collec¬ 
tor  junction  since  the  light  travels  through  the  absorb¬ 
ing  base  layer.  Finally,  photoelectrons  are  not  only 
generated  in  the  p+  base  layer  but  also  in  the  adjacent 
grading  layers.  These  layers  are  not  identical  for  the 
two  junctions.  Of  interest  is  the  drop-off  at  the  band- 
edge  energy.  A  drop-off  value  of  approximately  60 
meV/decade  for  both  junctions  is  observed.  A  similar 
drop-off  is  seen  in  the  optical  absorption  characteristics 
of  III-V  semiconductors  [6].  This  similarity  is  expected 
since  the  optical  absorption  in  these  materials  causes 
photoexcitation.  This  drop-off  depends  strongly  on  the 
purity  of  the  material.  High  purity  GaAs  and  In  As 
have  drop-off  values  of  approximately  10-15  meY/dec- 
ade  at  room  temperature  while  this  value  becomes  lar¬ 
ger  for  heavily  doped  material.  The  larger  drop-off 
value  in  photoyield  in  Fig.  3  is  consistent  with  photoe¬ 
mission  from  the  heavily  doped  base  layer  [7]. 

Fig.  4  presents  the  emitter  base  photocurrent  as  a 
function  of  emitter  base  voltage  ( Veh )  for  two  photon 
energies,  0.9  and  1.24  eV.  At  the  0.9  eV  photon  energy, 


one  observes  constant  photocurrent  over  a  wide  range 
of  applied  voltages.  The  current  remains  constant  with¬ 
out  change  in  polarity  even  at  Veh=  -0.1  V.  This  result 
is  expected  since  photoexcited  electrons  are  emitted 
from  the  base  to  the  emitter.  The  built-in  voltage 
exceeds  the  applied  voltage.  The  base  is  heavily  doped 
and  the  thickness  of  the  depletion  layer  is  insignificant. 
At  an  emitter  base  voltage  of  approximately  —0.2  V, 
the  photocurrent  changes  polarity.  We  assume  that 
this  current  stems  from  photoexcitation  of  majority 
carriers  in  the  emitter  area,  which  are  emitted  into  the 
base  layer.  At  Feb  <  -0.5  V,  the  photocurrent  changes 
polarity  again  and  becomes  positive.  We  assume  that 
the  photocurrent  in  this  regime  stems  from  the  modu¬ 
lation  of  the  forward  diode  current.  At  the  photon 
energy  of  1.24  eV,  the  photocurrent  changes  by  ap¬ 
proximately  a  factor  of  two  when  the  voltage  is 
increased  from  0  to  1  V.  The  reason  for  this  effect  is 
that  photoexcitation  takes  place  also  in  the  grading 
layer.  The  energy  configuration  in  this  layer  changes 
with  bias  voltage,  causing  the  change  in  photocurrent 
with  applied  bias  voltage. 

Also  shown  in  this  figure  are  the  dc  currents, 
measured  simultaneously  with  the  ac  photocurrents. 
As  expected,  the  dc  current  is  approximately  half  of 
the  ac  current.  At  negative  Veb  the  diode  is  forward 
biased  and  the  magnitude  of  the  dc  current  increases 
rapidly. 

Fig.  5  presents  similar  results  for  the  collector  base 
junction.  At  0.9  eV  photon  energy,  the  photocurrent  is 
independent  of  applied  bias  voltage  over  a  large  vol¬ 
tage  regime.  This  finding  is  consistent  with  photoge¬ 
neration  in  the  base  and  emission  of  photogenerated 
electrons  into  the  collector.  At  a  forward  bias  of 
Fcb  =  — 0.3  V  the  current  starts  to  decrease.  This  value 
of  the  forward  bias  is  even  larger  than  that  found  in 
the  emitter  base  junction  since  the  collector  doping  is 
significantly  smaller  than  the  emitter  doping.  Also,  the 
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Fig.  4.  ac  photocurrent  and  dc  current  of  an  emitter  base 
junction  of  DHBT  vs  emitter  to  base  voltage. 


Fig.  5.  Photocurrent  of  a  collector  base  junction  of  DHBT  vs 
collector  to  base  voltage. 
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photocurrent,  measured  at  1.24  eV  depends  much  less 
on  applied  voltage  for  the  base  collector  junction  than 
for  emitter  base  junction.  Again,  the  cause  for  this 
effect  is  the  much  lower  collector  doping  in  compari¬ 
son  to  the  emitter  doping.  The  dc  dark  current  is 
orders  of  magnitude  larger  than  the  ac  photocurrent 
and  is  not  shown  in  this  graph. 

In  studies  on  HEMTs,  it  was  observed  that  the 
photoresponse  depended  strongly  on  chopper  fre¬ 
quency  due  to  trapping  of  carriers  [8].  Hence,  it  is  im¬ 
portant  to  investigate  if  similar  charge  trapping  occurs 
in  HBTs.  The  dependence  of  the  photocurrent  on 
chopper  frequency  is  studied  over  a  frequency  range 
from  5  Hz  to  2.4  kHz.  The  experiments  show  that  in 
both  the  emitter  base  and  the  base  collector  junctions 
the  photocurrent  is  independent  of  the  chopper  fre¬ 
quency.  This  is  an  indication  that  trapping  effects  do 
not  play  a  role  in  the  photomeasurements  at  this  fre¬ 
quency  range.  All  data  presented  in  this  paper  are 
obtained  at  an  80  Hz  chopper  frequency. 


4.  HBTs  with  a  barrier  between  emitter  and  base 

In  this  section  we  describe  photoemission  results 
obtained  on  HBTs  which  contain  a  barrier  at  the  emit¬ 
ter  base  junction.  The  devices  studied  are  SHBTs.  The 
base  emitter  voltages  of  these  devices  exceed  those  of 
similar  DHBTs  by  more  than  250  mV,  measured  under 
the  same  bias  conditions.  Also,  the  Gummel  plot 
shows  less  ideal  behavior  in  comparison  with  the 
DHBT  with  ideality  factors  of  2.10  and  2.11  for  the 
collector  and  base  currents,  respectively.  This  finding 
suggests  that  a  barrier  of  approximately  250  meV 
exists  in  these  HBTs.  Even  though  the  emitter  base 
junction  has  the  same  layer  structure  as  the  DHBT, 
differences  in  growth  conditions  may  have  resulted  in 
an  incomplete  elimination  of  the  barrier.  Fig.  6  pre¬ 
sents  the  photoemission  characteristics  for  the  emitter 
base  junction  of  both  the  SHBT  and  the  DHBT  in  lin¬ 
ear  representation.  Extrapolation  of  the  photoyield  to 
zero  results  in  energies  of  approximately  900  and  700 
meV  for  the  SHBT  and  DHBT,  respectively.  To  obtain 
the  exact  threshold  energy,  the  correct  dependence  of 
photoyield  on  photon  energy  needs  to  be  established. 
The  linear  presentation  gives  only  an  approximation  of 
this  energy.  The  SHBT  result  indicates  that  a  barrier 
exists  at  the  emitter  base  junction  with  a  height  of  200 
meV  relative  to  the  bottom  of  the  InGaAs  conductance 
band  in  the  base,  in  good  agreement  with  the  electrical 
result.  The  values  of  this  barrier  obtained  by  the  two 
methods  differ  slightly  since  the  measurements  are 
made  at  different  bias  voltages  and  the  barrier  depends 
on  this  voltage. 


Fig.  6.  Photoyield  spectra  of  SHBT  and  DHBT  emitter  base 
junctions.  The  difference  in  threshold  energy  for  the  two 
devices  indicates  that  a  200  meV  barrier  exists  in  the  SHBT 
junction. 


5.  Photocurrents  in  homojunctions 

The  base  collector  junction  of  an  SHBT  is  an 
InGaAs  homojunction.  The  junction  consists  of  the 
heavily  p-doped  base,  a  lightly  n-doped  collector  area 
followed  by  an  n  + -layer  for  low  access  resistance.  Due 
to  the  built-in  and  applied  voltages,  a  depletion  layer 
exists.  This  layer  is  located  mainly  in  the  low-doped 
part  of  the  collector.  Carriers,  photogenerated  in  this 
layer  are  separated  due  to  the  electric  field  and  are 
detected  as  a  photocurrent.  In  addition,  minority  car¬ 
riers,  photogenerated  in  the  base  and  collector  may 
move  across  the  depletion  layer  and  contribute  to  the 
photocurrent.  Fig.  7  presents  the  spectral  character¬ 
istics  of  an  SHBT  base  collector  junction,  presented  in 
logarithmic  format.  We  observe  that  the  on-set  of  the 
photoyield  at  the  bandedge  is  very  steep,  approxi- 
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Fig.  7.  Photoyield  spectrum  of  a  base  collector  homojunction. 
The  yield  is  graphed  on  a  logarithmic  scale. 
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ma^ely  30  meV/decade,  consistent  with  photoexcitation 
in  a  low  doped,  high  quality  material.  An  approxi¬ 
mation  of  the  bandgap  is  obtained  by  extrapolating 
the  photoyield  in  linear  format  to  a  value  of  zero.  A 
bandgap  of  approximately  0.7  eV  is  obtained  in  good 
agreement  with  the  DHBT  data. 


6.  Summary  and  conclusions 

The  in-situ  photoemission  technique  is  ideally  suited 
to  study  the  existence  of  barriers  in  HBTs.  These  bar¬ 
riers  may  exist  due  to  band  discontinuities.  These  bar¬ 
riers  degrade  the  performance  of  the  transistors  and  an 
effort  is  made  to  eliminate  such  barriers.  We  have 
applied  photoemission  techniques  to  the  evaluation  of 
the  band  profile  of  fully  fabricated  InP  based  HBTs. 
The  measurements  are  performed  on-wafer,  using 
backside  illumination.  Employing  this  technique,  we 
have  successfully  demonstrated  the  existence  of  a  bar¬ 
rier  between  emitter  and  collector  in  one  type  of 
device.  We  also  proved  that  such  barriers  were  success¬ 
fully  eliminated  both  in  the  emitter  base  junction  and 
in  the  base  collector  junction  in  another  set  of  devices. 
The  measurements  also  provide  bandgap  and  material 
quality  information. 
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Abstract 

In  this  paper,  the  applicability  of  an  ultra-high  vacuum  (UHV)  contactless  capacitance-voltage  ( C-V ) 
measurement  method  is  evaluated  for  use  in  non-destructive  characterization  of  crystal  growth  and  device 
processing  steps  for  the  compound  semiconductor  heterostructure  microelectronics.  The  UHV  gap  length  between 
the  sample  surface  and  the  field  plate  was  made  by  an  optical  measurement  using  the  Goos-Haenchen  effect,  and  its 
accuracy  was  discussed  by  a  theoretical  calculation. 

Then,  zero-bias  position  of  the  surface  Fermi  level,  conduction  type  and  doping  were  successfully  determined  on 
free  surfaces  of  GaAs  and  InP  by  basic  C-V  measurements. 

Finally,  the  technique  was  applied  to  characterize  each  step  of  the  UHV-based  surface  passivation  process  for  InP 
utilizing  the  Si  interface  control  layer  (Si  ICL).  Change  of  the  surface  state  distribution  after  each  step  was 
successfully  detected  without  breaking  UHV,  demonstrating  the  powerful  capability  of  the  method.  ©  1999  Elsevier 
Science  Ltd.  All  rights  reserved. 


1.  Introduction 

A  great  deal  of  effort  is  now  being  made  to  push  the 
semiconductor  device  fabrication  technology  into  the 
nanometer  range,  not  only  for  Si  CMOS  gigabit  to  ter¬ 
abit  ultra  large  scale  integrated  circuits  (ULSIs),  but 
also  for  advanced  III-V  compound  semiconductor 
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devices  used  in  heterostructure  microelectronics.  This 
is  mainly  because  only  continued  scaling  down  of  the 
device  feature  sizes  provides  chances  for  III-V  high¬ 
speed  or  high-frequency  devices  to  compete  with  or 
dominate  Si  counterparts  in  terms  of  the  speed,  rf  per¬ 
formance,  noise  and  power  consumption.  Another 
drive  for  nanofabrication  is  the  creation  of  quantum 
devices  including  quantum  wave  devices  and  single 
electron  devices.  Here,  realization  of  perfect  quantum 
structures  such  as  quantum  wires  and  dots  with  nan¬ 
ometer  feature  sizes  is  becoming  increasingly  import¬ 
ant. 

In  the  compound  semiconductor  heterostructure 


0038-1101/99/$  -  see  front  matter  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 
PII:  S0038-1  101(99)001  04-5 


1562 


H.  Takahashi  et  al.  j  Solid-State  Electronics  43  (1999)  1561-1570 


microelectronics,  devices  including  conventional  and 
quantum  devices  normally  consist  of  multitudes  of 
interfaces.  They  include  lattice-matched  or  coherently 
strained  heterointerfaces  utilizing  material  systems  such 
as  AlGaAs/GaAs  and  InAlAs/InGaAs/InP.  Further¬ 
more,  they  include  various  metal-semiconductor  inter¬ 
faces  for  Schottky  and  ohmic  contacts,  and  insulator- 
semiconductor  interfaces  for  surface  passivation. 

As  the  device  feature  sizes  are  reduced  into  the  nan¬ 
ometer  range,  properties  of  each  interface,  as  well  as 
the  effect  of  each  processing  step  applied  to  the  multi¬ 
interface  structure,  become  extremely  important. 
Because  of  this,  in-situ  non-destructive  characterization 
of  the  effect  of  each  heterostructure  growth  and  pro¬ 
cessing  steps  on  the  electronic  properties  of  the  device 
structure  becomes  indispensable  for  optimization  of 
device  fabrication. 

Recently,  various  surface/interface  characterization 
techniques  such  as  X-ray  photoelectron  spectroscopy 
(XPS),  Auger  electron  spectroscopy  (AES),  scanning 
tunneling  microscope  (STM),  ion  scattering  spec¬ 
troscopy  (ISS)  have  made  great  progress.  However, 
there  exists  no  well-established  method  for  non¬ 
destructive  characterization  of  the  electronic  properties 
of  the  ‘grown’  and  ‘processed’  semiconductor  surfaces. 
Conventional  electronic  characterization  techniques  are 
destructive  methods  because  they  need  the  preparation 
of  Schottky  or  MIS  (gate)  structure  to  cause  electrical 
modulation  and  ohmic  electrodes  for  current  supply. 

The  purpose  of  this  paper  is  to  describe  a  novel, 
non-destructive  characterization  technique  and  system 
based  on  the  ultra-high  vacuum  (UHV)  contactless  ca¬ 
pacitance-voltage  ( C-V )  measurement.  This  technique 
seems  to  be  extremely  powerful  for  characterization  of 
compound  semiconductor  growth  and  device  proces¬ 
sing  steps.  In  this  technique,  a  constant  UHV  gap  is 
maintained  between  the  sample  surface  and  the  field 
plate,  using  a  piezoelectric  mechanism  based  on  capaci¬ 
tance  measurement  and  feedback,  and  a  standard  C-V 
measurement  is  made,  changing  the  field  plate  voltage. 
The  length  of  the  UHV  gap  is  measured  optically 
using  the  Goos-Haenchen  effect. 

After  the  description  of  the  measurement  method 
and  system,  a  theoretical  calculation  was  made  for  the 
optical  measurement  of  the  UHV  gap  for  GaAs  and 
InP  surfaces.  Then,  basic  C-V  measurements  were 
made  on  free  surfaces  of  GaAs  and  InP,  confirming 
the  validity  of  the  optical  gap  measurement  as  well  as 
demonstrating  the  capabilities  of  the  system  for  non¬ 
destructive  determination  of  conduction  type,  doping 
level  and  zero-bias  position  of  the  surface  Fermi  level. 

Finally,  this  technique  was  applied  to  characterize 
each  step  of  the  UHV-based  surface  passivation  pro¬ 
cess  for  InP  utilizing  the  Si  interface  control  layer  (Si 
ICL).  Change  of  the  surface  state  distribution  after 
each  step  was  successfully  detected  without  breaking 


UHV,  demonstrating  the  powerful  capability  of  the 
method. 

The  present  technique  is  also  very  powerful  for 
characterization  of  UHV  processing  of  Si  wafers  as 
discussed  elsewhere  [1,2]. 


2.  Description  of  UHV  contactless  C-  V  measurement 
system 

2.1.  UHV  contactless  C-V  system 

The  principle  of  the  UHV  contactless  C-V  method  is 
to  carry  out  C-V  measurements  from  a  field  plate  that 
is  separated  from  the  sample  surface  by  a  constant 
UHV  gap.  In  the  present  study,  extensive  efforts  were 
made  to  modify  an  air-gap-based  commerical  C-V 
measurement  system  (CV-8000,  Dainippon  Screen 
Mfg.  Co.  Ltd)  [3]  into  a  UHV-compatible  system  with 
a  suitable  UHV  sample  transfer  mechanism.  A  sche¬ 
matic  view  of  the  completed  UHV  C-V  chamber  is 
shown  in  Fig.  1(a).  It  contains  a  movable  sample  stage 
and  a  C-V  sensor  head.  The  C-V  sensor  head  is  the 
most  important  part  of  the  system,  and  described  in 
the  next  section.  It  is  connected  to  a  computer  for 
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Fig.  1.  (a)  A  schematic  view  of  contactless  C-V  measurement 
system  connected  to  the  UHV  formation/analysis  system;  (b) 
UHV-based  formation/analysis  system  used  for  fabrication 
and  characterization  of  samples. 
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feedback  control  and  measurement.  A  special  UHV 
transfer  mechanism  including  a  movable  sample  stage 
transfer  was  developed  to  transfer  the  grown  or  pro¬ 
cessed  sample  from  other  chambers  into  the  UHV  C-  V 
chamber,  and  to  place  exactly  under  the  C-V  sensor 
head.  In  this  study,  the  sample  was  attached  on  a  stan¬ 
dard  molybdenum  sample  holder  usually  used  for  mol¬ 
ecular  beam  epitaxy  (MBE)  growth.  Care  was  taken  to 
make  all  the  parts  ‘bakable’  to  achieve  the  base  press¬ 
ure  of  8  x  10-10  torr.  The  system  was  carefully  pro¬ 
tected  from  the  vibration  because  variations  of  the 
UHV  gap  caused  by  external  vibrations  directly  result 
in  noises  in  the  C-V  measurements.  For  this  purpose, 
the  C-V  chamber  was  placed  on  an  anti- vibration  sup¬ 
port  stage  which  had  a  weight  of  several  hundred  kg 
and  a  resonance  frequency  of  several  Hz.  The  system 
developed  in  this  study  can  be  attached  to  various 
growth  and  processing  equipment  for  electronic 
characterization  of  each  processing  step. 

In  this  study,  the  completed  UHV  contactless  C-V 
system  was  connected  to  a  UHV-based  interface  for¬ 
mation  facility  equipped  in  the  super-clean  room  of 
the  Research  Center  for  Interface  Quantum 
Electronics,  Hokkaido  University.  Here,  a  gas-source 
molecular  beam  epitaxy  (GSMBE)  growth  chamber, 
an  electron  cyclotron  resonance  (ECR)  plasma 
chamber  and  another  ten  chambers  are  connected  by  a 
UHV  transfer  chamber  as  partly  schematically  shown 
in  Fig.  1(b). 

2.2.  C-V  sensor  head 

Fig.  2(a)  shows  a  schematic  view  of  the  actual  set-up 
used  in  this  study  for  the  UHV  C-V  measurement 
using  a  specially  developed  C-V  sensor  head.  In  the  C- 
V  sensor  head,  a  ring  shaped  field  plate  is  attached  to 
an  optical  prism  for  the  gap  length  measurement 
explained  later,  and  is  protected  by  a  thick  Si02  film. 
The  electrode  pattern  at  the  bottom  of  the  sensor  head 
is  shown  in  Fig.  2(b).  In  addition  to  the  central  field 
plate  electrode  of  a  ring  shape,  three  surrounding  ‘par¬ 
allelism’  electrodes  were  formed  to  provide  three  ad¬ 
ditional  parallelism  capacitors  with  respect  to  the 
sample  surface.  The  field  plate  had  a  diameter  of 
about  1  mm  (j)  and  the  bottom  surface  of  the  entire 
sensor  probe  had  a  diameter  of  about  2.5  mm  <j). 
Chromium  was  used  as  the  electrode  material  and  the 
exact  area  of  the  field  plate  electrode  was  7.5  x  10-3 
cm2. 

During  C-V  measurement,  parallelism  between  the 
field  plate  and  a  sample  surface  should  be  maintained 
at  a  constant  UHV  gap  for  a  few  100  nm.  This  was 
accomplished  through  capacitance  measurements  of 
three  parallelism  capacitors  and  subsequent  mechanical 
adjustment  by  a  piezoelectric  mechanism.  Namely,  the 
sensing  probe  was  mechanically  supported  by  three 


C-V  Sensor  Head 


(b) 
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Fig.  2.  Schematic  illustration  of  (a)  the  sensor  head,  (b)  field 
plate  and  parallelism  electrodes  and  (c)  electrical  equivalent 
circuit  of  the  system. 


piezoelectric  actuators  and  three  mechanical  screw 
actuators  driven  by  the  stepping  motors.  The  stepping 
motors  and  the  actuators  were  automatically  con¬ 
trolled  by  the  computer  which  provided  suitable  feed¬ 
back  on  the  basis  of  the  capacitance  measurement  of 
three  parallelism  capacitors  so  that  three  capacitance 
values  became  equal  and  took  an  appropriate  value. 
For  achievement  of  planar  gaps  of  a  few  100  nm,  the 
flatness  values  of  the  sample  surface  and  the  prism  can 
become  crucial.  In  this  study,  rms  (root  mean  square) 
flatness  values  of  the  wafer  and  the  prism  used  here 
were  typically  3-4  nm  and  6-7  nm  over  the  entire  field 
plate  area. 

2.3.  Equivalent  circuit  and  optical  gap  length 
measurement 

The  capacitance  was  measured  at  500  kHz,  using  an 
rf  bridge  circuit.  The  electrical  equivalent  circuit  of  the 
measurement  system  is  shown  in  Fig.  2(c).  The  circuit 
contains  the  capacitance  of  the  protecting  Si02  layer, 
Cpr,  the  UHV  gap  capacitance,  Cgap,  the  voltage 
dependent  semiconductor  surface  capacitance,  CS(K), 
the  semiconductor  bulk  capacitance  and  conductance, 
CB  and  <7B,  and  the  capacitance  and  conductance  of 
the  back  contact,  Cback,  and  <jback-  In  order  to  perform 
C-V  measurements  that  can  be  analyzed  by  the  stan¬ 
dard  metal-insulator-semiconductor  (MIS)  theory,  a 
further  simplification  of  the  equivalent  circuit  is  necess¬ 
ary.  First,  in  doped  semiconductors  with  the  doping 
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levels  larger  than  1015  cm~3,  CB  and  GB/co  (co:  angular 
frequency  of  measurement,  2n  x  5  x  105  rad/s)  are 
much  larger  than  Cs  as  in  the  conventional  MIS  C-V 
measurements  and  can  be  ignored.  As  for  Cback  and 
Gback  at  the  bottom  of  the  sample,  Cback  and  Ghlick/w 
are  again  normally  much  larger  than  Cs,  basically 
because  the  back  surface  area  of  the  sample  wafer  is 
usually  much  larger  than  the  field  plate  area.  In  this 
study  In  or  Ga  mount  technique  was  used  at  the  back 
surface  of  the  wafer  to  ensure  the  validity  of  this  con¬ 
dition. 

Under  the  above  conditions,  the  capacitance  C(V) 
measured  as  a  function  of  the  field  plate  voltage  by 
this  system  is  given  by 

c(f")  =  [cp-r1  +  c-;+cs-,(K)ri.  a) 

Thus,  for  analysis  of  the  C-V  data,  the  value  of  Cgap 
or  the  length  of  the  UHV  gap,  /g,  should  be  known. 
Direct  electrical  measurement  of  Cgap  is,  however,  diffi¬ 
cult,  because  it  is  always  serially  connected  to 
unknown  Cs  which  depends  on  various  semiconductor 
parameters  and  voltage. 

To  solve  this  difficulty,  the  UHV  gap  length,  /g,  was 
measured  optically  in  this  study,  using  the  Goos- 
Haenchen  effect  in  optics.  Namely,  /g  was  determined 
by  measuring  the  reflectivity  of  a  totally  reflecting 
prism  equipped  in  the  C-V  sensor  head  as  schemati¬ 
cally  shown  in  Fig.  2(a).  In  this  set-up,  the  reflectivity 
becomes  less  than  unity  by  the  presence  of  the  sample 
surface  due  to  disturbance  of  the  evanescent  wave.  To 
do  this,  a  laser  beam  was  emitted  into  the  prism  of  the 
sensing  probe  and  the  reflected  laser  light  (a  semicon¬ 
ductor  laser  diode  with  a  wavelength  2  =  0.780  pm) 
was  detected  by  a  photodiode. 


3.  Calculation  of  laser  reflectivity  vs  UHV  gap  length 
for  GaAs  and  InP  surfaces 

To  determine  the  UHV  gap  length  between  the  sen¬ 
sor  and  the  sample,  the  reflectivity  was  calculated  as  a 
function  of  the  UHV  gap  length,  solving  Maxwell’s 
equations.  In  the  case  of  the  simplest  three-layer  model 
shown  in  Fig.  3(a),  the  reflectivity  R  for  the  P-polar- 
ized  light  used  in  the  present  UHV  C-V  system  is  cal¬ 
culated  as 

R  =  r0  +  n  expQS)  2 

1  +r0r i  exp(/<5)  ^  ' 

where  r0  and  rx  are  reflectivity  coefficients  of  the  upper 
and  lower  interfaces  in  Fig.  3  and  S  is  the  phase  ro¬ 
tation  angle;  r0,  n  and  <5  are  given  respectively  by 


Fig.  3.  Structures  for  the  calculation  of  the  reflectivity,  (a) 
three-layer  model,  (b)  four-layer  model  and  (c)  five-layer 
model. 
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Here,  n0,  nx  and  n2  are  the  refractive  indices,  0O,  0\  and 
02  are  the  angles  in  Fig.  3(a),  X  is  the  wavelength  of 
laser,  and  /g  is  the  length  of  the  UHV  gap.  The  angles 
0O,  0i  and  02  satisfy  the  following  relationship  accord¬ 
ing  to  Snell’s  law. 

«o  sin  0o  =  n\  sin  0j  =  n2  sin  02  (6) 

The  above  equations  are  general  ones  applicable  for 
normal  reflection  of  non-evanescent  normal  waves  in  a 
three-layered  system.  However,  they  can  be  used  for 
the  present  case  of  reflection  of  evanescent  waves  by 
allowing  6U  02,  sin0i,  sin02,  cos0i,  cos02  to  be  complex 
variables  and  complex  functions.  It  should  be  noted  in 
this  case  that  exp(/<5)  in  Eq.  (2)  represents  exponential 
decay  of  the  evanescent  wave  rather  than  the  phase 
angle  rotation.  By  using  Eqs.  (l)-(6)  on  computers,  R 
can  be  determined  as  a  function  of  /g. 
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Fig.  4.  Calculated  reflectivity  as  a  function  of  the  UHV  gap 
length  for  the  (a)  GaAs  and  (b)  InP  free  surfaces. 

In  a  more  realistic  and  general  case  of  a  four-layer 
model  shown  in  Fig.  3(b),  where  the  prism  has  a  Si02 
protecting  layer  with  a  thickness  tpr  and  a  refractive 
index  «pr,  or  of  a  five-layer  model  where,  additionally, 
the  sample  has  a  surface  layer  with  a  thickness  ts\  and 
refractive  index  ns\,  the  total  reflectivity  can  be  calcu¬ 
lated  by  repeated  use  of  the  above  equations,  starting 
from  the  bottom  three  layers  first. 

Fig.  4(a)  and  (b),  shows  the  calculated  reflectivity  of 
the  laser  beam  as  a  function  of  the  UHV  gap  length 
for  the  free  surfaces  of  GaAs  and  InP  without  any  sur¬ 
face  layer,  respectively.  The  presence  of  the  Si02  pro¬ 
tecting  layer  was  taken  into  account,  and  the 
parameters  used  here  include  the  laser  incident  angle 
of  0o  =  4 5°,  wavelength  of  1  =  0.780  pm,  and  the  Si02 
protecting  film  thickness  of  ?pr  =  3700  A.  The  refractive 


indices  used  here  were  «0=  1.511,  npr  =  1.453  and 
«!  =  1.0  for  prism  glass  (BK7  glass),  Si02  and  UHV 
gap,  respectively.  The  refractive  indices  for  semicon¬ 
ductor,  n2,  were  taken  to  be  3.82— 0.19i  and  3.45 — 0.28i 
for  GaAs  and  InP,  respectively  [5,6].  As  seen  in  Fig.  4, 
the  reflectivity  R  becomes  close  to  100%  as  the  UHV 
gap  becomes  sufficiently  larger  than  the  wavelength  2, 
corresponding  to  the  total  reflection.  The  reflectivity 
shows  large  variation  for  /g=  100-600  nm  in  both  cases 
of  GaAs  and  InP;  thus  accurate  measurements  of  the 
UHV  gap  length  should  be  possible  in  this  range. 

Similarly,  in  the  cases  of  samples  having  surface 
layers,  the  calculation  can  be  made  in  a  straightfor¬ 
ward  manner,  if  the  thickness  4i  and  refractive  index 
ns\  of  the  surface  layer  are  known.  In  practical  cases, 
however,  some  unknown  ultrathin  oxide  layer, 
adsorbed  layer  or  surface  reconstructed  layer  may  be 
present,  and  the  optical  reflectivity  modification  by 
such  a  layer  may  interfere  with  the  accurate  determi¬ 
nation  of  the  gap  length. 

In  order  to  provide  ideas  on  the  magnitudes  of  error 
caused  by  presence  of  such  a  layer,  calculated  results 
are  shown  in  Fig.  5(a)  and  (b)  for  the  cases  that  fairly 
thick  layer  with  4i  =  5  nm  thickness  and  refractive 
index  values  of  ns\=l.O  and  4.0  are  present  on  GaAs 
and  InP  layers  respectively.  The  curve  for  rsl  =  5  nm 
and  ns]  =  4  almost  overlaps  with  that  for  ts i  =  0. 
Approximately  speaking,  presence  of  the  surface  layer 
leads  to  overestimate  the  gap  length  by  ts\lns]. 
However,  presence  of  the  surface  layer  also  reduces  the 
effective  insulator  capacitance.  Thus,  the  error  of  the 


Fig.  5.  Calculated  reflectivity  as  a  function  of  the  UHV  gap  length  for  the  (a)  GaAs  and  (b)  InP  surfaces  with  fairly  thick  surface 
layers  (tsi  =  5.0  nm),  refractive  indices  of  ns]  =  1  and  4. 
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Fig.  6.  Measured  C(0)  1  vs  C  gap  plots  for  MBE-grown  free  surfaces  of  (a)  GaAs  and  (b)  InP. 


insulating  capacitance  C7  caused  by  using  the  overesti¬ 
mated  gap  length  is  approximately  given  by 


where  esi  is  the  relative  permittivity  of  the  surface  layer 
and  £pr,  that  of  the  protecting  Si(>2  layer.  Thus,  for  a 
surface  layer  with  fsl  =  1  nm  and  any  value  of  refractive 
index,  the  error  in  the  insulator  capacitance  is  of  the 
order  of  0. 1  %  or  well  below  for  measurements  with  /g 
larger  than  100  nm. 


4.  Applications  to  free  surfaces  of  GaAs  and  InP 

4.1.  Determination  of  zero-bias  position  of  surface  Fermi 
level 

The  special  feature  of  the  present  UHV  contactless 
C-V  measurement  system  is  that  the  UHV  gap  length 
can  be  varied  unlike  the  conventional  MIS  C-V 
measurements.  Thus,  if  the  zero  bias  capacitance  C(0) 
is  measured  for  various  values  of  the  gap  length,  the 
following  relation  should  be  observed 

C(0)-'  =  C  £  +  (C  +  C  (0))  (8) 

where  Cgap  is  the  UHV  gap  capacitance  obtained  using 
the  gap  length  by  the  laser  reflectivity  measurement. 
Here,  it  should  be  mentioned  that  variations  of  Cs(0) 
with  gap  length  variation  due  to  contact  potential 


difference  are  ignored,  since  the  field  plate  is  separated 
about  100-500  nm  from  the  sample  surface.  With  such 
a  large  gap,  typical  work  function  difference  values 
between  Cr  field  plate  of  0.5-1. 0  eV  cannot  affect  the 
surface  potential  appreciably  even  in  the  most  sensitive 
case  of  non-existence  of  surface  Fermi  level  pinning. 
According  to  more  accurate  estimates  in  this  worst 
case,  0^(0)  in  Eq.  (8)  should  show  variations  of  2.5% 
for  GaAs  and  0.50%  for  InP,  respectively. 
Furthermore,  this  effect  should  become  even  smaller 
due  to  the  surface  Fermi  level  pinning.  In  practice,  this 
effect  is  much  smaller  or  comparable  as  compared  with 
the  error  of  UHV  gap  measurement  of  2-3%  even  in 
the  worst  case. 

Fig.  6(a)  and  (b)  shows  the  measured  relationships 
of  C(0)  1  and  C  gap  at  different  UHV  gaps  for  free  sur¬ 
faces  of  MBE  grown  GaAs  and  InP.  As  seen  in  Fig.  6, 
the  plots  have  good  linearity  with  a  slope  of  unity. 
This  result  proves,  first  of  all,  the  validity  of  the  UHV 
gap  measurement  using  the  laser  beam. 

In  addition,  the  surface  Fermi  level  position  at  zero 
bias  can  be  determined  from  the  intercepts  of  these 
plots  which  should  be  equal  to  (C”1  +  Cs_,(0)).  From 
these  intercept  values,  the  surface  Fermi  level  positions 
at  zero  bias  were  determined  to  be 
Ec—Ff  =  0.96  +  0.1  eV  for  the  GaAs  surface  and 
Ec—Ef  =  0.43  ±0.1  eV  for  the  InP  surface,  respect¬ 
ively.  The  error  of  the  obtained  EC~EF  value  of  about 
0.1  eV  was  mainly  due  to  the  error  of  UHV  gap 
measurement  of  about  2-3  nm.  These  measured  pos¬ 
itions  are  consistent  with  the  usually  accepted  pinning 
positions  for  strong  Fermi  level  pinning  [4]. 
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Fig.  7.  (a)  C-V  curve  obtained  from  InP  surface  under  pulsed  bias  mode;  (b)  1/C2  vs  gate  bias  voltage  ( VG ). 


4.2.  Determination  of  conduction  type  and  doping 

By  using  the  UHV  C-V  system,  the  conduction  type 
and  doping  of  the  semiconductor  layer  can  be  deter¬ 
mined  by  using  the  C-V  data  under  deep-depletion 
condition.  The  deep-depletion  condition  was  realized 
in  this  study  by  using  a  pulsed  bias  mode,  where  the 
gate  voltage  was  supplied  by  such  a  pulse  wave  form 
that  the  generation  rate  of  minority  carrier  could  not 
follow  the  sweep  rate  of  the  pulsed  mode  bias. 

An  example  of  the  C-  V  curve  obtained  in  the  pulsed 
mode  is  shown  in  Fig.  7(a)  for  a  free  surface  of  InP. 
The  bias  dependence  of  the  curve  shows  that  the 
sample  is  of  «-type.  A  plot  of  1/C2  vs  gate  bias  voltage 
(Kg)  obtained  from  the  C-V  curve  in  Fig.  7(a)  is 
shown  in  Fig.  7(b).  The  carrier  concentration  deter¬ 
mined  from  the  slope  of  the  curve  was  5.1  x  10 16 
cm-3.  This  was  in  excellent  agreement  with  that  of  the 
Hall  measurement  of  5.0  x  1016  cm-3.  The  reason  why 
a  correct  doping  value  is  obtained  by  the  C-V  measure¬ 
ment  in  spite  of  the  existence  of  Fermi  level  pinning,  is 
because  the  bias  voltage  is  changed  sufficiently  quickly 
in  the  pulsed  C-V  measurement  so  that  the  surface 
states  cannot  change  during  capacitance  measurement. 
As  a  result,  the  effect  of  surface  states  becomes  effec¬ 
tively  a  d.c.  flat-band  voltage  shift. 


r 


UHV 

processing 


V 


(b) 

Fig.  8.  (a)  InP  passivation  structure  using  Si  ICL  studied 
here;  (b)  passivation  process. 


1568 


H.  Takahashi  et  al.  j  Solid-State  Electronics  43  (1999)  1561-1570 


Fig.  9.  UHV  contactless  C-V  curves  of  InP  surfaces:  (a)  after  HF  surface  treatment;  (b)  after  UHV  thermal  cleaning;  (c)  after 
growth  of  the  Si  ICL;  (d)  after  30  s  nitridation  of  the  Si  ICL;  (e)  after  10  min  nitridation  of  the  Si  ICL;  (f)  after  deposition  of  SiN 
on  the  Si  ICL. 
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5.  Characterization  of  UHV-based  surface  passivation 
process  using  Si  ICL 

In  order  further  to  investigate  the  capability  of  the 
present  method,  in-situ  UHV  contactless  C-V  measure¬ 
ments  were  performed  to  characterize  each  processing 
step  of  the  UHV-based  passivation  process  utilizing 
the  silicon  interface  control  layer  (Si  ICL)  originally 
proposed  for  GaAs  and  InGaAs  [7,8].  In  this  study, 
the  process  applied  to  surface  passivation  in  InP  where 
the  surface  quantum  well  (SQW)  nature  of  the  Si  ICL 
plays  an  important  role.  The  basic  concept  for  such  a 
SQW  effect  and  processing  details  for  InP  passivation 
were  presented  elsewhere  [9,10].  Only  the  passivation 
structure  and  the  processing  sequence  as  shown  in  Fig. 
8(a)  and  (b),  respectively.  An  air  exposed  InP  was  used 
to  see  the  effect  of  the  passivation  scheme  on  the  com¬ 
mercially  available  wafers.  The  experiments  were  done 
using  the  system  shown  in  Fig.  1(b). 

Fig.  9(a)  and  (b)  shows  the  ramped  UHV  contactless 
C-V  curves  of  the  InP  surfaces  after  the  HF  treatment 
and  after  the  UHV  thermal  cleaning.  The  sweep  rate 
was  1  V/s.  In  spite  of  the  removal  of  native  oxide  in 
UHV  thermal  cleaning,  both  of  the  slope  and  the 
range  of  capacitance  variation  of  the  C-V  curve 
became  smaller  than  those  of  the  surface  after  HF 
treatment. 

Fig.  9(c)  shows  a  UHV  C-V  curve  after  growth  of 
the  Si  ICL  (1  nm)  on  InP  surface.  Although  the  slope 
of  the  C-V  curve  became  close  to  that  of  the  calculated 
ideal  curve,  the  range  of  capacitance  variation  became 
smaller. 

Fig.  9(d)  and  (e)  shows  UHV  C-V  curves  after  30  s 
and  after  10  min  nitridation  of  the  Si  ICL.  The  slope 
of  the  C-V  curve  became  very  close  to  that  of  the  cal¬ 
culated  ideal  curve  after  30  s  nitridation  of  the  Si 
layer,  indicating  that  a  remarkable  reduction  of  the 
interface  state  density  took  place.  However,  after 
10  min  nitridation,  C-V  behavior  again  became  poor. 

Fig.  9(f)  shows  the  C-V  curve  after  growth  of  a  thin¬ 
ner  Si  ICL  (0.5  nm)  followed  by  direct  deposition  of 
SiNx  on  the  Si  ICL  surface  by  ECR-excited  plasma 
CVD  process.  Although  a  comparatively  large  capaci¬ 
tance  variation  was  observed,  the  slope  was  not  close 
to  that  of  the  ideal  curve. 

Fig.  10  shows  the  distributions  of  the  interface  state 
density  (Nss)  by  applying  Terman’s  method  to  the 
measured  UHV  C-V  curves.  All  the  curves  are  U- 
shaped,  and  the  energy  position  for  minimum  Nss 
remained  more  or  less  at  the  same  position  of 
Ec—' 0.35  eV.  These  features  are  in  good  agreement 
with  the  DIGS  model  concerning  the  origin  of  inter¬ 
face  states  [4].  A  small  difference  between  this  value 
and  the  previous  obtained  pinning  position  of 
Ec-Ef  =  0A3  eV  on  the  free  surface  may  again  be  due 


After  UHV 


Ev  E-Ec  (eV)  Ec 

Fig.  10.  Nss  distributions  calculated  from  the  UHV  C-V 
curves. 

to  error  of  the  UHV  gap  measurement,  which  pro¬ 
duces  surface  potential  error  of  +0. 1  eV. 

In  order  to  compare  the  Nss  distribution  of  the 
GaAs  and  the  InP  bare  surfaces,  a  result  of  Nss  deter¬ 
mination  by  UHV  contactless  C-V  measurement  made 
on  the  MBE-grown  GaAs  surface  [11]  is  also  included 
in  Fig.  10.  As  seen  in  Fig.  10,  Nss  minimum  positions 
and  state  density  values  are  very  different  between 
GaAs  and  InP,  showing  that  the  surface  state  density 
on  InP  is  significantly  smaller  than  that  on  GaAs. 

Let  us  see  the  effect  of  each  step  of  processing  in 
more  detail  for  InP  passivation.  After  HF  treatment, 
the  surface  was  found  to  have  the  Nssm[n  value  of 
4  x  1011  cm"2  eV-1,  and  slightly  increased  after  UHV 
thermal  treatment  to  5.5  x  10 11  cm-2  eV_1.  It 
decreased  a  great  deal  after  growth  of  the  Si  layer 
down  to  8  x  1010  cm-2  eV-1.  But  in  spite  of  the 
decrease  of  the  Nssm jn,  the  width  of  the  Nss  distri¬ 
bution  became  narrower.  Then,  the  Nssm-m  remarkably 
decreased  down  to  2  x  1010  cm-2  eV-!  after  nitrida¬ 
tion  of  the  Si  layer  for  30  s  with  a  large  increase  of  the 
distribution  width.  After  prolonged  nitridation  of 
10  min,  Nssmm  again  increased  up  to  the  range  of  10u 
cm-2  eV-1. 

The  fact  that  the  Nssmin  value  slightly  increased 
after  UHV  thermal  cleaning  indicates  that  simple 
removal  of  the  native  oxide  from  the  surface  did  not 
cause  a  surface  passivation  effect.  This  is  because  the 
surface  dangling  bonds  were  not  terminated  properly. 
The  reason  why  the  Nss  distribution  became  narrower 
after  growth  of  the  Si  ICL  on  the  InP  surface  can  be 
explained  by  referring  to  the  energy  band  diagram  of 
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the  strained  Si3N4/Si/InP  structure  [9,10].  Namely,  the 
bandgap  of  coherently  strained  Si  in  the  Si3N4/Si/InP 
structure  becomes  very  narrow.  Because  of  this,  the 
width  of  the  Nss  distribution  became  narrower.  After 
30  s  nitridation  of  the  Si  ICL,  the  width  of  the  Nss 
became  wider  to  600  meV  and  the  Nssmin  value  became 
lower.  By  the  nitridation  process,  the  thickness  of  the 
Si  ICL  became  narrower  and  this  effectively  increases 
the  bandgap  by  the  quantum  confinement  effect. 
Additionally,  successful  termination  of  interface  bonds 
of  the  Si  ICL  reduces  the  density  of  gap  states.  On  the 
other  hand,  after  longer  nitridation  for  10  min  of  the 
Si  ICL  by  the  ECR  plasma,  the  Nssm in  value  increased 
to  a  large  value  of  5  x  1011  cm-2  eV-1  because  the 
prolonged  nitridation  damaged  the  interface  structure. 

In  the  case  that  direct  CVD  deposition  of  SiN*  onto 
a  thinner  Si  ICL,  the  Atomin  value  remained  5  x  1011 
cm-2  eV"!.  This  result  is  probably  due  to  the  large 
bond  mismatch  between  the  Si  ICL  and  deposited 
SiNy. 

Thus,  effect  of  each  step  of  the  UHV-based  passiva¬ 
tion  could  be  sensitively  detected  with  this  technique, 
confirming  the  extremely  powerful  nature  of  the  pre¬ 
sent  method. 


6.  Conclusion 

This  paper  has  described  an  ultra-high  vacuum 
(UHV)  contactless  capacitance-voltage  (C-V)  measure¬ 
ment  method  and  system.  The  main  conclusions  are  as 
follows. 

1.  The  length  of  the  UHV  gap  measured  optically 
using  the  Goos-Haenchen  effect  is  accurate  enough 
for  present  type  of  system  on  the  basis  of  a  theoreti¬ 
cal  calculation  made  for  GaAs  and  InP  surfaces  and 
actual  measurements.  The  possible  existence  of  a 
surface  layer  of  a  thickness  of  1  nm  does  not  cause 
large  errors. 

2.  The  system  has  the  capabilities  of  non-destructive 
determination  of  conduction  type,  doping  level  and 
zero-bias  position  of  the  surface  Fermi  level. 

3.  On  the  basis  of  successful  application  of  this  tech¬ 


nique  to  characterization  of  the  UHV-based  surface 
passivation  process  for  InP  utilizing  the  Si  ICL,  this 
technique  is  extremely  powerful  for  use  in  non¬ 
destructive  characterization  of  crystal  growth  and 
device  processing  steps  for  the  compound  semicon¬ 
ductor  heterostructure  microelectronics.  Change  of 
the  surface  state  distribution  after  each  step  can  be 
successfully  detected  without  breaking  UHV. 
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Abstract 

Direct  oxidation  of  GaAs  wafers,  by  using  UV  and  ozone  oxidation  system,  was  performed  to  form  nm-thin 
GaAs-oxide  layers.  Composition  of  the  oxidized  layer,  studied  by  XPS  analysis,  shows  depth-dependent  atomic 
percentage  of  the  Ga,  As,  and  O.  Surface  flatness  and  thickness  of  the  oxide  were  investigated  with  AFM.  The 
oxide  thickness  is  nearly  proportional  to  square  root  of  the  UV  and  ozone  process  time.  Using  the  oxidized  layer  as 
the  insulator,  Ni/insulator/n-GaAs  MIS  diodes  were  fabricated,  and  compared  with  Ni/n-GaAs  Schottky  diodes  of 
their  gate  leakage  currents.  Very  clear  leakage  current  suppression  effect  of  the  insulating  layer  is  observed,  which  is 
controllable  by  controlling  the  UV  and  ozone  process  time.  However,  the  suppression  effect  is  much  smaller  than 
that  theoretically  estimated  for  a  MIS  diode  with  perfectly  uniform  Si02.  Theoretical  equations  to  estimate  effect  of 
a  nm-thin  insulating  layer  on  current-voltage  relation  of  a  MIS  diode  are  shown  in  the  appendix.  ©  1999  Elsevier 
Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Schottky  junction  has  long  been  used  as  the  gate 
structure  of  compound  semiconductor  Field  Effect 
Transistors  (FETs)  and  High  Electron  Mobility 
Transistors  (HEMTs).  One  of  their  critical  problems  is 
that  they  are  encountering  tunnel  limit  [1-3]  as  a  con¬ 
sequence  of  scaling  down,  which  have  been  pursued  in 
order  to  realize  higher  speed  devices.  From  a  view 
point  of  preventing  the  tunnel  current,  MIS  structure 
is  more  desirable  than  the  Schottky  junction,  because 
the  former  generally  has  much  higher  barrier  than  the 
latter,  and  makes  a  thinner  barrier  layer  usable. 
However,  the  MIS  structure  compound  semiconductor 
devices  ever  reported  are  not  successful,  due  to  high 
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density  of  interface  states,  difficulty  in  achieving  a  very 
thin  insulating  layer  without  pin-holes  etc.,  and  no 
such  devices  with  nm-thin  insulating  layers  have  been 
reported.  UV  and  ozone  process  [4],  which  has  been 
used  to  decompose  organic  contamination  of  semicon¬ 
ductor  wafer  surfaces  etc.,  recently  attracts  attention  as 
potential  means  to  form  very  thin  and  uniform  oxide 
layer  on  semiconductor  surfaces.  Driad  et  al.  [5] 
improved  noise  performance  of  InGaAs/InP  HBTs  by 
passivating  them  by  UV  and  ozone  treatment. 

We  fabricated  GaAs  MIS  diodes  with  nm-thin  oxi¬ 
dized  GaAs  layers,  by  using  the  UV  and  ozone  pro¬ 
cess,  in  order  to  study  quality  and  effects  of  the  GaAs- 
oxide  layers.  In  the  following,  theoretical  current-vol¬ 
tage  characteristics  of  MIS  diodes,  which  are  being  cal¬ 
culated  from  equations  in  the  appendix,  are  explained 
in  section  2,  thicknesses  and  compositions  of  the  oxi¬ 
dized  GaAs  layers  are  described  in  section  3,  fabrica- 
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tion  of  the  MIS  diodes  and  effects  of  the  insulating 
layer  are  described  in  section  4,  and  discussions  and 
conclusions  are  described  in  section  5. 


2.  Theoretical  current-voltage  curves 

Electrons  flowing  through  a  reverse  biased  MIS 
junction  are  illustrated  by  arrows  in  an  energy  band 
diagram  in  Fig.  1,  in  which  JT  is  a  thermionic  current, 
and  J 1 1  —J t3  are  tunnel  current  components.  Theoretical 
equations  to  do  a  rough  estimation  of  these  currents 
are  shown  in  the  Appendix.  As  both  of  the  barrier 
height  at  the  Mi-junction,  <I>0,  and  the  dielectric  con¬ 
stant,  e0 ,  of  the  GaAs-oxide  are  not  known,  we  use  for 
calculating  the  current-voltage  characteristics, 
$0  =  3.7  eV  and  e0  =  3.9  times  permittivity  of  the  vac¬ 
uum  (referring  from  Si02),  and  a  known  donor  density 
of  the  semiconductor  of  VD  =  3  x  1017  cm-3,  a  dielec¬ 
tric  constant  of  GaAs  es=  10.9,  and  a  Schottky  barrier 
height  of  0S  =  0.7  eV.  Fig.  2  shows  calculated  current- 
voltage  curves  with  the  thickness  of  the  insulating 
layer  as  a  parameter.  The  current  change  by  the 
increase  of  the  insulating  layer  is  somewhat  larger  in 
the  forward  or  low  negative  voltage  range,  compared 
with  high  negative  voltage  region.  However,  the  curves 
do  not  remarkably  change  their  shapes,  but  shift 
depending  upon  the  insulator  thickness.  This  is  due  to 
the  high  barrier  height  of  the  Mi-junction  and  so  thin 
thickness  of  the  insulator  as  compared  with  the  de¬ 
pletion  layer  of  the  semiconductor  that  most  of  the 
applied  voltage  is  shared  by  the  depletion  layer.  The 
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Fig.  1.  Energy  band  diagram  and  electron  flows  in  a  reverse 
biased  MIS  diode. 
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Fig.  2.  Calculated  current- voltage  characteristics  of  MIS 
diodes  with  nm-thin  insulating  layers.  Parameter  a  is  thickness 
of  Si02. 

voltage  dependence  in  the  reverse  current  reflects  domi¬ 
nance  of  the  tunnel  current  in  the  original  (a  ~  0  nm) 
Schottky  diode  due  to  the  high  donor  density  of  the 
semiconductor  [3]. 


3.  Oxidation  of  GaAs  surfaces 

The  authors  used  UV  and  ozone  process  (SAMCO 
UV  and  Ozone  Cleaner)  at  300°C  in  order  to  form 
very  thin  oxidized  GaAs  layers  on  the  surfaces  of  n- 
GaAs(with  a  donor  density  of  3  x  1017/cm3,  and  a 
thickness  of  0.5  |im)/Semi-Insulating-GaAs  epitaxial 
wafers.  Their  native  oxide  was  removed  by  buffered 
hydrofluoric  acid  etching.  After  rinsing  by  deionized 
water,  they  were  directly  oxidized  by  the  UV  and 
ozone  process  for  15-480  min.  Then  the  oxidized  layer 
was  partially  removed  by  photolithography  and  buf¬ 
fered  hydrofluoric  acid  etching  in  order  to  measure 
thickness  of  the  oxidized  layer  by  using  an  Atomic 
Force  Microscope  (AFM).  Fig.  3  is  a  three  dimen¬ 
sional  AFM  image  of  the  480  min  sample  of  around 
the  oxide  edge  portion.  Top  surface  of  the  oxidized 
GaAs  has  much  larger  roughness  than  the  interface 
(surface  of  the  oxide  removed  portion)  suggesting  a 
large  nonuniformity  of  the  oxide  layer  thickness.  The 
average  step  height  (average  in  single  trace)  from  the 


T.  Sugimura  et  al.  /  Solid-State  Electronics  43  ( 1999)  1571-1576 


1573 


Fig.  3.  Three  dimensional  AFM  image  of  a  wafer  surface  around  the  oxide  edge  portion.  Left-up  is  the  oxide  surface,  and  right- 
down  is  the  interface  on  which  oxide  layer  was  removed. 


interface  to  the  oxide  surface  was  measured  as  the 
thickness  of  the  oxidized  GaAs  layer.  Fig.  4  shows 
thus  measured  oxide  thickness  of  the  samples.  The 
wide  spread  of  the  data  implies  positional  dependence 
of  the  data  (between  different  traces),  reflecting  the 
large  nonuniformity  of  the  oxidized  layers  thickness. 
As  a  whole,  the  thickness  is  nearly  proportional  to 
square  root  of  the  process  time.  The  thin  solid  line  in 
Fig.  4  illustrates  experimental  data  reported  by  Driad 
et  al.  [5]. 

X-ray  Photoelectron-Spectroscopy  (XPS)  analysis 
was  applied  to  investigate  compositional  informations 


Fig.  4.  UV  and  ozone  process  time  dependence  of  the  GaAs- 
oxide  thickness.  The  thin  line  illustrates  Driad  et  al.’s  data  [5]. 


of  the  oxide  layer.  Fig.  5  shows  depth  (Ar  ion  etching 
time)  dependence  of  the  composition.  Our  original 
data  show  existence  of  oxygen  even  after  15  min  etch¬ 
ing.  We  assumed  that  the  oxygen  becomes  zero  at  a 
depth  where  it  saturates.  This  is  because  that  oxygen 
was  detected  even  inside  an  untreated  GaAs  monitor 
wafer.  Fig.  5  suggests  a  very  gradual  change  of  the 
composition  and  low  As  percentage  near  the  surface 
region,  although  the  measured  data  may  be  strongly 
affected  by  the  large  nonuniformity  of  the  thickness. 


Fig.  5.  Depth  (etching  time)  dependence  of  composition  of 
the  oxide  layer. 
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Oxidized  Interface 


Fig.  6.  Cross-sectional  scheme  of  the  MIS  and  the  Schottky 
diodes  sample. 


4.  MIS  diode  samples  and  current-voltage  curves 

A  cross-sectional  scheme  of  the  MIS  diode  sample  is 
shown  in  Fig.  6.  After  the  oxidation,  the  oxide  layer 
on  half  of  the  wafer  was  removed,  and  Ni  was  evapor¬ 
ated  through  a  metal  mask  with  320  pm  diameter 
holes  on  both  the  oxide  surface  and  the  interface 
(GaAs),  in  order  to  fabricate  Schottky  diodes  and  the 
MIS  diodes  on  each  wafer.  Then,  AuGe  was  evapor¬ 
ated  as  an  ohmic  contact  on  a  part  of  the  interface 
layer. 

DC  forward  and  reverse  current-voltage  character¬ 
istics  of  both  of  the  Schottky  and  the  MIS  diodes  were 
measured.  Fig.  7  shows  typical  characteristics  of  four 
sample  wafers.  The  Schottky  diodes  (open  circle  plots), 
as  well  as  the  MIS  diodes  (solid  circle  plots),  show 
strong  voltage  dependences  even  in  the  reverse  charac¬ 
teristics,  due  to  dominance  of  the  tunnel  currents  [3].  It 
is  very  clear  that  the  nm-thin  insulating  layers  effec¬ 
tively  suppress  the  reverse  leakage  currents,  but  do  not 
remarkably  affect  the  shapes  of  the  curves.  Here,  it 
should  be  stated  that  the  currents  of  the  Schottky 
diodes  formed  on  the  interfaces  are  larger  than  those 
(~10~6  A/cm2  at  —0.3  V  and  ~10~3  A/cm2  at  —4  V) 
formed  on  an  untreated  wafer,  which  suggests  that  the 
interface  is  damaged  by  the  oxidation  process.  The  cur¬ 
rent  suppression  rate  vs  UV  and  ozone  process  time  is 
summarized  in  Fig.  8,  which  demonstrates  that  one 
can  control  the  current  suppression  rate  by  controlling 
the  process  time,  although  the  data  are  widely  spread 
this  time  due  to  the  strong  nonuniformity. 

Fig.  9  summarizes  the  current  suppression  rate  vs 
the  oxide  layer  thickness  relation.  The  dashed  line 
curve  shows  as  a  reference  the  calculation  result  (at 
-1  V)  of  a  Ni/Insulator/n-GaAs  diode  with  perfectly 
uniform  Si02.  Fig.  9  suggests  either  the  barrier  height 
of  the  GaAs-oxide  is  much  lower  than  that  of  Si02,  or 
an  effective  thickness  of  the  GaAs-oxide  is  much  thin¬ 
ner  than  the  measured  average  values. 


Bias  Voltage  (V)  Bias  Voltage  (V) 


Fig.  7.  Current  voltage  characteristics  of  the  MIS  (solid  circle) 
and  the  Schottky  diodes  (open  circles)  from  wafers  processed 
for  30  min  (tftf8),  60  min  (##6),  120  min  fltfl4),  and  240  min 
(M2). 


5.  Conclusions  and  discussions 

Theoretical  current-voltage  characteristics  of  a  Ni/ 
nm-thin-Si02/n-GaAs  diode  were  calculated  as  a  com¬ 
bination  of  a  thermionic  emission  current  and  tunnel 
currents.  Experimental  MIS  diodes,  with  GaAs-oxide 
as  the  insulator,  showed  clear  and  controllable  current 
suppression  effect  as  compared  with  Schottky  diodes, 
which  qualitatively  agrees  with  the  theory.  However, 
the  experiment  showed  much  thicker  oxide  layers  than 
the  calculation  for  obtaining  an  equal  current  suppres¬ 
sion  effect.  Moreover,  the  leakage  currents  of  the 
Schottky  junctions  on  the  interface  are  larger  than 
those  formed  on  an  unprocessed  wafer.  AFM  and  XPS 
analysis  showed  large  nonuniformity  of  the  oxide 
thicknesses  and  compositions.  The  former  possibly 
results  in  current  concentration  at  thinnest  oxide  point, 
and  the  latter  possibly  cause  a  difference  between  the 
measured  and  an  actually  effective  oxide  thickness,  and 
both  of  them  essentially  give  very  strong  influences  to 
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Fig.  8.  Process  time  dependence  of  the  current  suppression 
rate. 

the  tunnel  probability.  The  quantitative  disagreement 
between  the  theory  and  the  experiment  can  be  attribu¬ 
ted  to  this  nonuniformity,  and  also  to  the  used  barrier 
height  and  the  dielectric  constant.  In  order  to  deter¬ 
mine  e0  and  (P0  of  the  oxidized  GaAs  layer  from  com¬ 
parison  of  theoretical  and  experimental  C-V  and  I-V 
characteristics,  high  uniformities  of  the  thickness  and 
the  composition  of  the  oxidized  layer  are  indispensa- 


Fig.  9.  Oxide  thickness  vs  the  current  suppression  rate.  The 
dashed  curve  shows  a  calculation  result  for  a  Ni/Si02/n-GaAs 
diode. 


ble.  Therefore,  substantial  improvement  of  the  uni¬ 
formity,  as  well  as  reduction  of  the  process  damage, 
are  the  main  problems  to  be  solved.  The  much  better 
flatness  of  the  interface  than  the  surface  of  the  oxide 
(Fig.  3)  suggests  a  possibility  of  the  improvement  of 
the  thickness  uniformity  by,  for  example,  applying  UV 
and  ozone  process  multiple  times. 


Appendix  A 

Here,  theoretical  equations  for  a  rough  estimation  of 
current-voltage  curves  of  a  MIS  diode  are  described. 
Theoretical  description  for  expressing  effect  of  electron 
velocity  in  thermal  equilibrium  MIS  system  becomes 
too  complicated  to  solve  analytically,  when  tunnel  is 
involved,  due  to  dependence  of  tunnel  probability  on 
energy  and  its  voltage  dependence.  However,  as  the 
electron  velocity  (proportional  to  square  root  of 
energy)  gives  rather  minor  effect  as  compared  with  a 
distribution  function  and  a  tunnel  probability  (both  ex¬ 
ponentially  depend  upon  energy),  we  use  constant 

effective  velocities,  vsx  and  vmx,  and  do  a  rough  esti¬ 
mation. 

The  thermionic  current  (Fig.  1)  is  given  by 

fOO 

JT  =  {zfsAWAM  -  ^mT>m(w)£m(w)}dw,  (A.l) 

J®0 

As  =  4nq(2ms)3/2vsx/h3  (A.2) 

Am  =  4nq(2mm)3/2vmx/h3  (A.3) 

AW  =  1/[1  +  exp{(w  -  qVa)/kT}]  (A.4) 

Dm(w)  -  1/{1  +  exp (w/kT)}  (A.5) 

Es(w)  =  y/{w  -  qVa- (Ec  -  Efs)}  (A.6) 

iim(w):  not  known 

where,  suffix  s  implies  the  semiconductor  and  m 
implies  the  metal,  the  first  term  in  Eq.  (A.l)  flows 
from  the  semiconductor  to  the  metal  and  the  second 
term  flows  in  the  reverse  directions,  respectively,  As 
and  Am  are  velocity  dependent  constants,  Ds(w)  and 
flm(w)  are  distribution  functions,  Es(w)  and  Em(w)  are 
state  densities,  w  is  an  energy  level  measured  from  the 
Fermi  level  of  the  metal,  <J>0  is  barrier  height  of  the 
Mi-junction,  q  is  unit  charge,  vsx  and  vmx  are  above 
mentioned  effective  velocities  of  electrons  in  the  x 
direction,  h  is  Plank’s  constant,  ms  and  ram  are  effec¬ 
tive  electron  masses,  Va  is  applied  voltage,  k  is 
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Boltzmann  constant,  T  is  absolute  temperature,  Ec  is 
bottom  of  the  conduction  band,  and  Efs  is  Fermi  level 
of  the  semiconductor.  While,  the  tunnel  current  is 
expressed  by  the  following  equations. 

An  =  J  Ms^sOO^sO) 

-  ^m-Om(^,)£'m(vr)}F(u’)du'  (A.7) 

P(u)=  exp[— 2  f  {2n(2mt(Q>(x)-w))y2/h}dx\  (A.8) 

J  —  a 

where,  integration  in  Eq.  (A.7)  is  done  from  is,  to  <X>0 
for  /tl,  from  E2  to  E{  for  7t2,  and  from  Ec  to  E2  for 
A3  (Fig-  1),  F(ii’)  is  a  tunnel  probability  for  electrons 
at  an  energy  level  of  w,  xw  is  a  position  where  the  w 
crosses  the  potential  barrier,  me  is  an  effective  electron 
mass  in  the  barrier.  Tunnel  probability  is  strongly 
dependent  on  the  effective  mass  of  the  electrons.  We 
assumed  me  =  0.3  m0,  as  it  is  widely  used  in  calculating 
a  tunnel  probability  of  Si02  [6].  0>(x)  is  energy  level  of 
the  bottom  of  the  conduction  band  in  the  oxide 


fW-v)  =  <J>o  -  q2NDb(a  +  x)/s0. 

(A.9) 

and  in  the  semiconductor 

=  qK  +  (Ec  -  £*)  +  q2ND(b  -  x)2/2f.s. 

(A.  10) 

b  =  ~(esa/£0)  +  [(ssa/e0)2  -  2 es(qVa 

-«A?Vd]I/2 

(A.  11) 

where,  ND  is  donor  density,  b  is  depletion  layer  thick¬ 
ness,  a  is  the  oxide  thickness,  x  is  position,  eQ  and  es 
are  dielectric  constants  of  the  oxide  and  the  semicon¬ 
ductor,  respectively,  and  <j)s  is  Schottky  barrier  height 
when  the  metal  directly  contacts  onto  the  semiconduc¬ 


tor.  We  use  a  constant  state  density  for  the  metal  and 
Eq.  (A. 6)  for  the  semiconductor.  This  is  because  the 
former  is  not  known  but  presumed  to  give  very  little 
effect,  and  the  latter  gives  a  strong  effect  when  the  vol¬ 
tage  approaches  a  flat  band  condition.  The  forward/ 
reverse  ratio,  As/Am ,  is  such  determined  that  the  cur¬ 
rent  becomes  zero  at  Va  =  0  V. 

Calculations  based  upon  the  above  equations  and 
the  assumptions  yield  current-voltage  curves  and  their 
relative  values  dependent  on  the  insulator  thickness.  It 
should  be  noted  that  temperature  dependences  of  only 
the  distribution  functions  but  not  of  the  velocities  are 
explicitly  included  in  the  above  equations. 
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Abstract 

In  the  last  years  the  satellite  applications  have  seen  a  strong  increase  in  the  space  hardware  demand  mainly  for 
commercial  communication  services  like  fixed  satellite  service  (FSS),  broadcasting  satellite  service  (BSS)  and  mobile 
satellite  service  (MSS).  The  new  boundary  will  be  the  low  cost,  high  production  rate  hardware  needed  for  satellite 
constellations  like  Teledesic  and  for  multimedia  satellite-based  systems  (Euroskyway,  Spaceway,  Astrolink, 
Cyberstar).  The  design  and  development  of  microwave  and  millimeter  wave  equipment  has  been  deeply  modified  in 
order  to  combine  technical  requirements  and  market  needs  (large  productions,  low  cost  and  fast  lead  time).  In  this 
scenario  the  maturity  of  gallium  arsenide  MESFET  and  PHEMT  devices  and  processes  for  space  applications  is  a 
key  factor  and  the  design  and  integration  of  GaAs  MMICs  is  mandatory  to  achieve  the  mentioned  industrial  drivers 
in  the  space  companies.  The  paper  will  focus  the  application  of  GaAs  MMIC  technology  in  the  European  space 
industry  taking  as  reference  the  space  production  done  by  Alenia  Aerospazio  in  Italy  and  other  European  space 
companies  and  providing  a  future  road  map.  ©  1999  Published  by  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

As  result  of  a  fast  evolution  in  the  satellite  commer¬ 
cial  environment  the  payload  complexity  is  growing 
with  high  number  of  channels  either  in  transparent 
and  regenerative  architectures.  While  the  payload  com¬ 
plexity  and  the  number  of  units  per  repeater  is  fast 
growing  the  required  lead  time  is  highly  compressed, 
as  consequence  the  technology  solutions  must  address 
the  miniaturization  issue,  the  design  for  production 
approach  and  the  performance  repeatability  issue 
required  for  relative  high  volume  productions. 

Only  the  massive  use  of  MMIC  technology  allows 
integration  of  complex  microwave  functions  like 
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LNAs,  front  ends,  receivers,  frequency  converters,  and 
channel  amplifiers.  The  combination  with  advanced 
packaging  techniques  like  multi  chip  modules  (MCM) 
and  low  temperature  cofiring  ceramic  (LTCC)  allows 
to  achieve  remarkable  integration  factors  and  impress¬ 
ive  improvement  with  respect  to  the  previous  gener¬ 
ation  of  space  hardware.  The  definition  and 
consolidation  of  a  screening  flow  including  accelerated 
life  tests,  burn  in  phases  and  lot  acceptance  tests  has 
been  very  important  in  order  to  secure  and  assess,  in 
•the  first  application  programs,  satellite  operating  life  of 
15  years  and  more. 

The  modular  approach  is  another  key  feature  of  the 
MMIC  application  in  the  space  equipment.  Simple 
functions  like  variable  gain  amplifiers  (VGA),  flatness 
correctors  (FC),  medium  power  amplifier  (MPA), 
LNAs,  mixers  and  VCOs  have  been  developed  as 
building  blocks  to  be  used  in  different  configurations 
in  the  various  modules  and  equipment. 
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Fig.  1.  Transparent  payload  architecture. 


The  mentioned  approach  requires  the  use  of  multi¬ 
project  ‘run’  with  well  consolidated  processes.  At  pre¬ 
sent  only  two  fabrication  processes  are  actually 
qualified  for  this  purpose:  low  noise  (medium  power) 
0.5  pm  MESFET  and  low  noise  0.25  pm  PHEMT. 
MMIC  based  on  these  processes  are  currently  flying  in 
space  equipment  produced  by  European  companies 
[1,2]. 

2.  The  present  space  applications 

The  market  drivers  in  the  design  development  and 
production  of  the  space  hardware  in  the  last  years  can 
be  summarized  in  the  new  paradigm:  better,  faster  and 
cheaper.  An  impressive  growing  in  the  hardware 
demand  has  been  observed  in  the  last  three  years  in 


the  commercial  telecommunication  via  satellite.  Having 
as  reference  a  simplified  payload  configuration  (Fig.  1) 
it  can  be  easily  understood  why  the  channel  amplifiers 
(CAMP)  have  been  the  first  unit  in  which  a  massive 
use  of  GaAs  MMIC  has  been  employed. 

This  unit,  whose  simplified  block  schematic  is 
reported  in  Fig.  2,  provides  amplification  within  the 
Ku  band  portion  of  the  spectrum  (10.7-12.75  GHz). 
Selection  of  either  gain  (10-60  dB,  fixed  gain  mode)  or 
output  level  (—10- +  4/ +  6  dBm,  automatic  level  con¬ 
trol  mode)  in  discrete  steps  is  also  possible  by  means 
of  an  external  command.  The  complete  amplifier  is 
composed  of  two  sections:  the  microwave  and  the  com¬ 
mand/control  section.  The  microwave  section  is  fully 
MMIC  based  in  order  to  achieve  the  best  perform¬ 
ances  in  terms  of  reduced  weight,  reduced  size  and  in¬ 
tegration  factor.  It  is  composed  of  eight  MMICs 


Fig.  2.  (a)  Ku  band  channel  amplifier  block  diagram,  (b)  Ku  band  channel  amplifier  flight  model. 
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Fig.  3.  MESFET  variable  gain  amplifier:  layout  and  measurements. 


brazed  on  open  carriers  and  integrated  in  a  single 
hybrid  hermetically  sealed.  A  mass  lower  than  50  g  is 
achieved  with  impressive  reduction  in  the  tuning  effort 
with  respect  to  a  more  traditional  approach  using  dis¬ 
crete  FET  devices. 

The  basic  building  block  of  CAMP  is  a  variable 
gain  amplifier  (VGA)  whose  layout  is  shown  in  Fig.  3. 
The  MMIC,  designed  to  work  in  the  bandwidth  10.7- 
12.7  GHz,  provides  amplification  in  conjunction  with 
gain  control  function.  It  is  composed  of  three  self- 
biased  stages  with  an  embedded  analog  attenuator. 
The  analog  attenuator  is  based  on  a  broadband  T 
structure.  The  driver  for  the  necessary  attenuator  con¬ 
trol  is  also  implemented  on  the  same  chip.  Typical 
gain  is  14  dB  over  2  GHz  bandwidth  (10.7-12.7  GHz) 
in  combination  with  a  gain  control  range  of  about  20 
dB.  The  flatness  corrector  (FC)  MMIC  is  a  circuit  that 
has  been  designed  in  order  to  control  the  channel  slope 


and  to  recover  slope  variation  at  different  gain  settings 
and  temperature  conditions  over  the  full  bandwidth. 
The  design  is  conceptually  simple  and  allows  the 
obtaining  of  both  positive  and  negative  slope  control. 
Using  semilumped  elements  and  cold  MESFET  as  var¬ 
actor,  a  notch  filter  has  been  realized.  The  Q  factor 
and  resonant  frequency  are  controlled  by  means  of  an 
external  control  voltage.  Layout  of  this  MMIC  is 
reported  in  Fig.  4. 

The  communication  receiver  is  another  unit  in  which 
MMIC  technology  is  extensively  used.  A  conceptual 
block  diagram  of  a  typical  communication  receiver  is 
shown  in  Fig.  5.  The  FSS  or  BSS  receivers  provide  low 
noise  amplification  and  down  conversion  of  signals  in 
a  portion  of  the  frequency  range  12.7-14.7  GHz  or 
17-18  GHz  down  to  10.7-12.7  GHz,  by  means  of  a 
net  subtraction  of  an  internally  generated  local  oscil¬ 
lator  frequency.  A  hybrid  hermetic  module  mostly 


Fig.  4.  MESFET  flatness  corrector. 
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Fig.  5.  Conceptual  schematic  of  the  receiver. 


MMIC  based  has  been  designed  to  integrate  low  noise 
amplifiers  (LNA),  mixers  (MIX)  and  the  IF  medium 
power  amplifier  (MPA)  circuits.  The  first  stage  of  the 
input  section  uses  a  hybrid  MIC  (HMIC)  approach  to 
achieve  the  best  performances  in  terms  of  noise  figure. 
The  two  following  stages  are  done  using  a  GaAs 
MMIC.  This  MMIC  has  been  implemented  using  a 
0.25  pm  PHEMT  process.  The  design  employs  a  self- 
biased  configuration  and  inductive  source  feedback  on 
the  first  stage  in  order  to  achieve  optimum  noise  figure 
associated  to  good  input  VSWR.  A  two-stage  design  is 
used  at  14  GHz  while  three  or  four  stages  have  been 
integrated  in  the  18  GHz  MMIC.  Layout  of  the  18 
GHz  LNA  is  shown  in  Fig.  6.  Depending  on  the 
required  characteristics  in  terms  of  spurious  rejection, 
the  mixing  section  of  the  receiver  can  be  implemented 
using  either  MMIC  or  HMIC  technology.  Mixers  have 
been  developed  both  in  the  HMIC  and  in  the  MMIC 
form.  In  the  first  case,  beamlead  GaAs  Schottky  diodes 
were  used,  while,  in  the  MMIC  approach,  active  dual 


Fig.  6.  Ku  band  PHEMT  low  noise  amplifier. 


or  single  gate  MESFET  has  been  used  to  convert  the 
RF  signal  from  the  frequency  range  12.7-14.7  GHz  or 
17-18  GHz  down  to  10.7-12.7  GHz.  The  remaining 
part  of  the  receiver  (i.e.  the  IF  section)  is  implemented 
cascading  different  MMIC  circuits  (the  same  VGA 
used  in  CAMP)  which  provide  the  required  gain  and 
gain  control  dynamic.  Better  linearity  (when  required) 
is  reached  using  a  medium  power  amplifier  (MPA) 
whose  layout  is  shown  in  Fig.  7. 

Beyond  the  examples  shown  in  the  previous  para¬ 
graphs,  other  MMICs  have  been  developed  for  other 
applications  at  different  frequencies,  or  to  improve  the 
performances  and  reduce  the  dimensions  of  the  existing 
products.  MMIC  technology  is  beginning  to  be  of 
interest  in  other  equipment  where  discrete  approach 
used  to  be  the  most  suitable  solution  up  to  few  years 
ago.  As  an  example,  the  new  generation  C-band 
CAMP  (Fig.8)  will  use  only  3  MMIC  (C  band  VGA) 
in  the  RF  section  and  only  a  multi  chip  module  for 
the  control  section.  The  housing  will  be  as  small  as  the 
one  used  for  the  Ku  band  CAMP  allowing  an  even 
more  evident  reduction  in  weight,  dimensions  and  lead 
time. 


Fig.  7.  Ku  band  medium  power  amplifier. 
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Fig.  8.  C  band  VGA  and  conceptual  diagram  of  C  band  CAMP. 


The  best  proof  of  the  successful  application  of  GaAs 
MMIC  technology  and  of  advanced  microwave  hybrid 
techniques  is  summarized  in  Fig.  9.  As  shown  in  Fig. 
9(a),  the  total  number  of  MMICs  that  have  been  used 
in  the  last  equipment  production  has  grown  from  100 
in  1995  up  to  3000  in  1997.  Fig.  9(b)  shows  the  num¬ 
ber  and  the  type  of  complex  microwave  hybrid  circuits 


that  have  been  produced  since  1994  up  to  1996.  The 
strong  increase  in  both  MCM  and  HMIC  circuits 
reveals  how  the  confidence  in  MMIC  technology  cir¬ 
cuit  has  completely  modified  both  the  integration  fac¬ 
tor  and  the  number  of  produced  equipment  within  one 
year. 
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Fig.  9.  (a)  HMICs  integration  trend,  (b)  Flight  MMICs  inte¬ 
gration  trend. 


3.  Present  developments 

New  satellite  services  (as  multimedia  transmission) 
require  functions  in  the  range  from  20  to  30  GHz  not 
only  because  of  the  amount  of  the  transmitted  data, 
but  also  to  overcome  the  saturation  of  the  channels  in 
the  Ku-band  part  of  the  spectrum.  Moreover,  a  huge 
amount  of  equipment  having  small  dimension  and  low 
weight  is  foreseen  for  the  next  years.  In  this  frame  the 
application  of  MMIC  technology  to  Ka  family  circuits 
appears  again  to  be  the  winning  solution.  As  in  Ku 
band  applications  the  most  attractive  application  for 
MMICs  lies  in  those  units  which,  depending  on  the 
payload  complexity,  are  present  in  high  quantities  like 
receiver  modules  (Rx),  frequency  converters  (DWC), 
LNA  modules,  channel  amplifiers  (CAMP)  and  in  the 
linearisers  (LIN).  A  number  of  equipment  has  already 
been  developed  and,  as  in  the  previous  development 
for  Ku  band  application,  a  modular  approach  was  fol¬ 
lowed  in  the  choice  of  the  building  block  functions.  A 
set  of  MMIC  has  been  identified  to  be  used  in  all  the 
units  where  microwave  sections  are  fully  MMIC  based. 
Fig.  10  shows  how  MMIC  are  used  in  a  transparent 
payload  configuration. 

LNA:  are  extensively  used  in  both  DWC  and 
CAMP.  Nevertheless,  receiver  and  down  converters 
operate  at  30  GHz  while  CAMPs  operate  at  20  GHz. 
Always  using  the  modular  approach  concept,  it  was 
found  more  convenient  to  optimize  two  different 
MMICs  at  20  and  30  GHz,  respectively,  rather  than 
develop  a  single  MMIC  with  such  a  large  bandwidth. 
The  20  GHz  LNA  is  also  used  in  the  lineariser  equip¬ 
ment. 
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Fig.  10.  Transparent  payload  configuration  and  MMIC  usage  plan  for  Ka  band  applications. 


Voltage  attenuator:  it  was  found  better  to  develop  a 
single  MMIC  for  this  function  rather  than  include  it  in 
a  complete  amplifier.  VA  alone  can  be  reused  as  it  is 
in  several  equipment  and  moreover  a  VGA  function 
could  give  unstability  at  such  high  frequencies.  VA  is 
used  in  CAMP  and  DWC  as  a  gain  control  element 
and  in  LIN  as  an  element  of  the  control  function. 

Phase  shifter  (PS):  is  used  as  a  control  element  for 
LIN.  It  can  be  also  used  as  a  separate  element  where 
required. 

MPA:  is  used  in  CAMP  and  DWC  to  improve  the 
linearity  of  the  overall  circuit.  The  same  MMIC  is 
used  in  LIN  as  an  element  of  the  linearizing  function. 

Due  to  required  performances  in  terms  of  operating 
frequency,  bandwidth  and  noise  figure,  PHEMT  rep¬ 


resent  the  most  attractive  process  to  develop  all  the 
mentioned  Ka  band  MMIC.  All  the  defined  functions 
have  been  developed  using  the  same  standard  0.25  jim 
low  noise  PHEMT  process  used  for  Ku  band  develop¬ 
ment.  Again  a  multiproject  foundry  run  has  been  used. 
In  order  to  have  the  highest  probability  of  success 
keeping  the  yield  at  acceptable  values,  more  than  one 
version  for  each  circuit  was  developed  increasing  the 
number  of  processed  wafers. 

20  GHz  low  noise  amplifier:  source  feedback  was 
used  to  reach  optimum  noise  figure  and  good  return 
loss  at  the  same  time.  A  four  stage  configuration  was 
necessary  to  get  the  expected  gain-bandwidth  perform¬ 
ances.  Each  stage  is  self  biased  to  allow  the  use  of  a 
single  bias  at  equipment  level  and  reduce  the  drift  with 


LN-0091-00  ON  WAFER  PERFORMANCES 


Fig.  11.  20  GHz  LNA:  layout  and  on  wafer  measurements. 
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Fig.  12.  30  GHz  LNA:  layout  and  on  wafer  measurements. 


temperature.  In  order  to  recover  for  the  variations  of 
the  pinch-off  voltage,  selectable  pads  for  proper  bond¬ 
ing  through  ground  have  been  implemented  in  the  bot¬ 
tom  of  the  MMIC.  MMIC  dimensions  are  3  x  2  mm2. 
Layout  and  on  wafer  measurements  are  reported  in 
Fig.  11. 

30  GHz  low  noise  amplifier:  the  approach  was  simi¬ 
lar  to  20  GHz  LNA.  Again  self  biased  configuration 
has  been  used.  By  optimizing  the  FET  periphery  of 
each  stage,  a  three  stages  configuration  was  sufficient 
to  get  the  expected  gain  keeping  the  power  consump¬ 
tion  within  the  specifications.  Source  feedback  was 
used  in  the  first  stage  to  get  at  the  same  time  good 
input  matching  and  noise  figure.  To  minimize  the  para¬ 
sitic  capacitance  and  inductance  through  ground,  all 
the  via  holes  have  been  put  below  the  respective  ca¬ 
pacitors  where  possible.  No  selectable  pads  have  been 


implemented  in  this  MMIC  to  avoid  further  unwanted 
parasitic  effects.  Layout  and  measurements  are 
reported  in  Fig.  12. 

20  GHz  variable  attenuator:  for  reasons  connected 
to  the  compatibility  at  equipment  level,  a  simple  con¬ 
figuration  based  on  two  cold  FETs  embedded  within  a 
pair  of  Lange  couplers  has  been  chosen.  Enhancing  a 
concept  already  published  [3],  the  two  FETs  on  each 
branch  of  the  circuit  have  been  chosen  in  order  to 
have  a  more  linear  behavior  of  the  attenuation  versus 
control  voltage.  Layout  was  particularly  studied  to 
minimize  parasitic  effects.  Fig.  13  shows  the  layout 
and  the  relative  measurements. 

20  GHz  phase  shifter:  a  simple  reflective  approach 
with  cold  FETS  used  as  varactors,  allowed  to  have 
both  large  phase  range  and  linearity.  A  Lange  coupler 
has  been  integrated  on  the  chip  itself  as  well  as  the  net- 
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Fig.  13.  20  GHz  variable  attenuator. 
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Fig.  14.  Regenerative  payload  architecture. 


work  to  provide  the  right  control  voltage  to  the 
diodes. 

20  GHz  medium  power  amplifier:  a  four  stage  con¬ 
figuration  was  necessary  to  obtain  gain,  power  and 
bandwidth  performances.  The  final  stage  uses  a  1200 
pm  periphery  FET  and  was  designed  to  obtain 
required  output  power.  The  third  stage  was  designed 
to  drive  the  last  stage  while  the  first  two  stages  were 
designed  optimizing  the  gain.  All  the  stages  are  self 
biased  to  keep  performances  with  temperature  vari¬ 
ation.  Selectable  pads  are  also  available  to  recover  for 
process  variations. 

A  conceptual  block  diagram  of  a  regenerative  pay- 
load  is  shown  in  Fig.  14.  It  is  adopted,  with  some 
differences,  in  all  new  programs  for  multimedia  satel¬ 
lite  services  in  the  constellation  systems  as  well  as  in 
the  geostationary  (GEO)  satellite.  The  modules  and 
function  required  in  regenerative  payloads  are  easily 
derived  from  the  transparent  and  other  configuration. 
In  the  payload  receiver  section  the  integrated  receiver 
usually  is  replaced  by  individual  LNA  functions  and, 


through  a  redundancy  ring,  by  a  bench  of  frequency 
down  converters.  In  the  transmitter  sections  the  chan¬ 
nel  amplifiers,  standard  or  linearized,  can  be  integrated 
with  the  up  converter  functions  in  a  single  module. 
Having  as  reference  the  transparent  payload  configur¬ 
ation  (Fig.  10),  it  is  evident  where  the  MMIC  technol¬ 
ogy  is  applied  in  this  configuration. 

Once  the  simple  building  blocks  are  defined,  the  con¬ 
cept  of  modular  approach  can  be  extended  to  all  the 
required  functions.  In  the  payload  receiver  section  the 
self-standing  low  noise  function  is  easily  derived  start¬ 
ing  from  the  integrated  receiver  configuration  and  the 
same  approach  is  followed  to  obtain  the  receiver  or 
down  converter  modules  that  in  the  regenerative  con¬ 
figuration  will  have  typical  IF  in  C  or  Ku  bandwidth 
(Fig.  15a).  Exactly  the  same  approach  is  followed  in 
the  transmitter  section  where  the  channel  amplifier  and 
the  linearizer  function  are  reused  in  combination  with 
the  frequency  up  converter  to  drive  the  TWTAs  (Fig. 
15b). 

The  number  of  satellites  to  be  built  for  emerging  sat- 


Table  1 

MMIC  developed  for  Ku  and  Ka  band  equipment:  amplifiers 


MMIC 

Bandwidth  (GHz) 

Gain  (dB) 

NF  (dB) 

ldBcp  (dBm) 

Power  cons.  (mW) 

Process 

Variable  gain  amplifier3 

10.7-12.75 

15 

6 

11 

200 

MESFET 

Variable  gain  amplifierb 

3. 5-5. 5 

22 

6 

10 

250 

MESFET 

14  GHz  low  noise  amplifier 

13.7-15.7 

16 

1.8 

7 

150 

PHEMT 

18  GHz  low  noise  amplifier 

17.0-19.0 

16 

2.5 

7 

180 

PHEMT 

20  GHz  low  noise  amplifier 

16.5-24.5 

19 

3 

7 

160 

PHEMT 

30  UHz  low  noiseb  amplifier 

22.5-32.5 

14 

3 

6.5 

150 

PHEMT 

12  GHz  medium  power  amplifier13 

9.8-13.5 

14 

8 

23 

750 

MESFET 

a  Courtesy  of  Alenia  Research  Division,  Rome,  Italy. 
b  Courtesy  of  Raytheon  ADC,  Boston,  USA. 
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(a) 


Fig.  15.  (a)  Payload  receiver  section:  regenerative  module  con¬ 
figuration.  (b)  Payload  transmitter  section:  regenerative  mod¬ 
ule  configuration. 


ellite  services  and  the  payload  complexity  in  terms  of 
overall  data  throughput  will  support  a  remarkable 
trend  in  the  number  of  modules  and  units  to  be  pro¬ 
duced  with  strongly  reduced  lead-times.  For  the 
European  aerospace  companies  [4]  the  MMIC  technol¬ 


Table  2 

MMIC  developed  for  Ku  and  Ka  band  equipment:  mixers 


ogy,  as  demonstrated  in  the  consolidated  Ku  band 
payload  applications,  continues  to  be  a  key  technology 
in  the  achievement  of  technical  and  industrial  goals  in 
the  fast  evolving  commercial  satellite  world. 

Tables  1-3  summarizes  the  main  characteristics  for 
all  the  MMICs  developed  in  the  last  5  years  for  the  C- 
band,  Ku-band  and  Ka  band  application,  respectively. 
The  chip  dimensions  range  from  1  x  1  mm  to  3.5  x  2 
mm.  Table  4  summarizes  the  MMIC  usage  plan  as  it 
was  in  early  1998.  Fig.  16(a)  and  (b)  reports  the  num¬ 
ber  of  used  MMIC  per  unit  type  and  the  number  of 
equipment  produced  in  the  last  two  years. 


4.  Fabrication  processes  and  qualification 

All  the  mentioned  MMIC  have  been  developed 
using  a  multi  project  run  and  two  well  assessed  fabri¬ 
cation  processes:  the  0.5  pm  MESFET  and  the  0.25 
pm  PHEMT.  Table  5  summarizes  the  main  perform¬ 
ances  of  these  processes.  The  choice  of  the  proper  fab¬ 
rication  process  is  one  of  the  key  points  for  an 
effective  application  of  the  MMIC  technology  in  space 
hardware.  As  the  technology  is  evolving  according  to 
the  market  requirements,  the  question  which  arises  is 
whether  PHEMT  is  better  than  MESFET  for  this  kind 
of  application.  The  driving  factor  for  this  choice 
involves  not  only  the  technical  matter  but  also  other 
issues  like  cost,  yield  and  reliability.  From  the  technical 
point  of  view,  it  is  obvious  that  for  applications  in  the 
Ka  band  or  higher  frequencies,  PHEMT  is  the  most 
suitable  process  but,  both  MESFET  and  PHEMT  still 
continue  to  be  good  for  applications  within  the  C 
band  as  well  as  the  Ku  band. 

Up  to  a  few  years  ago  MESFET  was  much  more 
characterized  than  PHEMT.  Moreover,  4  inch  wafers 
were  already  available  for  MESFET  when  PHEMT 
devices  were  produced  on  3  inch  wafers  with  an  evi¬ 
dent  cost  increase  for  the  latter.  Nowadays,  PHEMT 
has  reached  the  same  maturity  as  MESFET  since  it  is 
produced  with  the  same  rate  and  on  4  inch  wafers 
showing  a  good  yield  also.  As  an  example,  Fig.  17 
shows  the  dc  and  RF  yield  obtained  over  a  production 


MMIC  Bandwidth  (GHz)  Conversion  loss  (dB)  LO-RF  isolation  (dB)  RF-IF  isolation  (dBm)  Power  cons.  (mW)  Process 


18-12  Mixer  18-12  4  15  15  150  MESFET 

14-12  Mixer  14-12  2  20  15  150  MESFET 

30-20  Mixer  30-20  7  15  16  -a  PHEMT 


Use  of  resistive  approach. 
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Table  3 

MMIC  developed  for  Ku  and  Ka  band  equipment:  others 


MMIC 


Bandwidth  Slope  (dB/GHz)  Out.  Power  (dBm)  Power  cons.  (mW)  Process 


Flatness  corrector 

10.7-12.7 

adjustable  between  0  and  6 

Sensitivity  (GHz/V) 

NA 

<  2  mA 

MESFET 

VCO 

9.5-11.5 

1 

10 

100 

MESFET 

VCO 

10.5-12 

1 

Phase  range  (°) 

14 

192 

PHEMT 

20  GHz  phase  shifter 

18-20 

120 

Attenuation  range  (dB) 

1  dB  cp(dBm) 

5 

PHEMT 

20  GHz  variable  attenuator 

15-23 

18 

4 

5 

PHEMT 

of  4  wafers  for  the  mentioned  developments  in  the  Ka 
band.  So,  provided  that  the  cost  of  the  fabrication  pet- 
chip  is  almost  the  same  as  the  MESFET  PHEMT  is 
going  to  substitute  the  MESFET  in  the  range  between 
X  and  Ku  band  where  the  performances  meet  the  tech¬ 
nical  requirements.  For  frequencies  above  the  Ku  band 
the  use  of  PHEMT  is  almost  mandatory.  Fig.  18 
(Table  6)  shows  what  has  been  the  percentage  of  use 
of  the  two  mentioned  processes  in  the  production  of 
the  last  years.  It  can  be  seen  that  the  Ka  band  pro¬ 


duction  is  almost  totally  based  on  PHEMT  MMIC, 
while  MESFET  technology  is  used  where  lower  fre¬ 
quency  or  control  functions  are  required.  Another  fac¬ 
tor  that  will  cause  the  PHEMT  to  replace  the 
MESFET  in  the  mentioned  bandwidth  is  represented 
by  the  emergent  power  PHEMT  process  that  allows 
high  power  in  the  Ka  as  well  as  in  the  X  band.  Several 
MMICs  with  an  output  power  between  25  and  32  dBm 
and  an  efficiency  greater  than  30%  are  already  avail¬ 
able  for  this  kind  of  applications.  PHEMT  is  going  to 


Table  4 
Equipment 

DEVICE 
VGA  12  GHz 
VGA  5  GHz 
MPA  12  GHz 
FC  10-12 
LNA  14  GHz 
LNA  18  GHz 
MIX  14-12 
MIX  18-12 
VC0  9- 12 
PH.  SHIFT  20  GHz 
VA  20  GHz 
LNA  20 
LNA  30 
MIX  30  -  20 
MPA  20  GHz 


C  CAMP 

□ 

0 


Ku  CAMP 

□ 

0 

□ 


KaCAMP  FSSDWC  DBS  DWC 

□  □ 

0  □ 

□ 

□ 


Ka  LIN 


□ 

0 

Q 


0 

□ 

0 


□ 


Ka  LNA  Ka/Ku  DWC  Ka/C  DW 

D 

□ 

□ 


□ 


0  □  □ 

□  □  0 

□ 

□ 
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Fig.  16.  (a)  Number  of  equipment  per  unit  type  in  the  last  two  years,  (b)  Number  of  MMIC  used  per  unit  type  in  the  last  two 
years  production. 


Table  5 


Parameter/process 

MESFET 

PHEMT 

Gate  length  (pm) 

0.5 

0.25 

Ft  (GHz) 

AVKS'-: 

Gm(mS/mm) 

190 

mmmk 

Idss  (mA/mm) 

120 

Vp  (V) 

-1.5 

-0.6 

Vbgd  (V) 

-6 

-7 

Id  Distribution ;97J1 1-05; CHIP  QQ;scresned  data 


20  30  40  50  60  70  80 

td  <mA) 


Table  6 

Summary  of  life  test  performed  on  PHEMT  14  GHz  LNA. 
Burn  In  condition:  DC  bias  applied;  Junction  Temperature 
150°C 


Parameter 

Pre  B.I. 

Post  B.I.  (240  h)  Post  life  (1500  h)  Delta 

S21  [dB] 

11.20 

11.43 

11.54 

0.34 

Idd  [mA] 

42.50 

42.90 

43.00 

NF  [dB] 

2.99 

3.05 

3.06 

0.07 

Fig.  17.  (a,  b)  Dc  and  RF  yield  obtained  over  a  production  of  4  wafers  for  the  mentioned  developments  in  the  Ka  band. 


extend  also  to  the  highest  part  of  the  spectrum  (Q 
band,  V  band)  through  the  assessment  of  the  0.15  pm 
and  the  InP  process. 

Qualification  use  to  be  a  very  big  issue  up  to  a  few 
years  ago  when  very  few  data  were  available  and  the 
selection  of  devices  with  a  very  narrow  spread  was  ex¬ 
pensive.  Again,  also  in  this  case,  the  assessment  of  the 
processes  made  it  possible  to  define  a  winning  solution 


identifying  a  reduced  number  of  tests  to  be  performed 
at  chip  level  to  guarantee  the  performances  over  the 
entire  satellite  mission  which  is  estimated  around  15 
years.  Further  optimization  of  the  screening  flow  can 
be  obtained  if  the  multi-project  approach  is  followed, 
identifying  a  set  of  critical  structures  that  are  represen¬ 
tative  of  the  implemented  MMICs  and  adopted  circui¬ 
tal  solutions.  In  this  way  the  time  required  for  the 
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■  PHEMT 

■  MESFET 


Fig.  18.  Percentage  use  of  MESFET  and  PHEMT  technology. 

qualification  of  one  production  lot  can  be  reduced  by 
up  to  50  days  in  total.  In  Alenia  Aerospazio,  during 
the  last  production,  more  than  5000  h  have  been 
cumulated  showing  good  reliability  and  a  predicted 
lifetime  of  more  than  1000  years  at  chip  level.  Fig.  18 
shows  the  results  of  life  tests  and  reliability  analysis  at 
MMIC  level  performed  on  PHEMT  LNA  developed 
for  the  Ku  band  production. 

Beyond  the  example  showed  above,  several  new  pro¬ 
cesses  and  new  materials  like  GaN  and  SiC  showed 
promising  performances  for  high  and  low  frequency 
power  application  at  the  prototype  level,  but  they  are 
still  far  from  being  ready  for  use  with  confidence  in 
space  hardware. 


nology  will  follow  the  same  trend  as  for  the  MMIC. 
Very  few  chips  mounted  on  alumina  substrate  using 
both  traditional  or  LTCC  technology  will  substitute 
every  control  section. 

As  far  as  the  systems  are  concerned,  the  develop¬ 
ment  of  broadband  satellite  systems  will  represent  a 
revolution  in  communication  over  the  next  few  years 
[5].  The  systems  under  development  in  the  Ka  band 
will  require  inter-satellite  links  to  exchange  information 
between  the  constellation  spacecrafts  or  between  GEO 
satellites  in  different  orbital  positions.  Next  generation 
systems  will  exploit  the  V  band  not  only  for  ISL  but 
also  for  the  communication  with  ground.  Receiver 
modules  will  integrate  a  low  noise  front  end  working 
at  60  GHz  and  a  frequency  conversion  down  to  the 
regenerative  payload  IF  (i.e.  5. 5-7.5  GHz)  while  trans¬ 
mitter  modules  will  integrate  the  up  conversion  func¬ 
tion  and  the  amplification  to  drive  the  power  amplifier. 
The  processes  currently  used  in  the  flight  production 
are  the  well  stable  and  high  yield  0.5  pm  low  noise 
MESFET  and  the  0.25  pm  PHEMT.  In  the  very  next 
future  two  processes  will  be  used  for  space  appli¬ 
cations:  the  0.15  pm  PHEMT  for  low  noise  functions 
and  the  0.25  pm  power  PHEMT  for  solid  state  power 
amplification  in  constellation  systems  and  large  active 
antennas.  The  indium  phosphide  (InP)  HEMT  and 
HBT  technology  is  beginning  to  mature  for  space  ap¬ 
plication  and  research  and  development  activities  are 
planning  to  prepare  the  second  generation  constella¬ 
tion  systems  that  could  make  use  of  the  millimeter 
wave  region  (V-band)  for  link  communication  as  well 
as  inter-satellite  link. 


5.  Future  road  maps 

The  maturity  of  gallium  arsenide  technology  for 
space  shapes  in  a  complete  different  way  the  design 
approach,  the  manufacturing  and  the  assembly  tech¬ 
niques  in  design  and  development  of  flight  units  work¬ 
ing  in  the  microwave  and  millimeter  wave  frequency 
region.  As  shown  in  a  previous  paragraph  a  large 
number  of  MMIC  have  been  integrated  in  space  hard¬ 
ware.  In  parallel  with  MMIC,  the  assembly  technique 
is  also  evolving  toward  new  solutions  likelLow  tem¬ 
perature  cofiring  ceramic  and  flip  chip  mounting  for 
high  frequency  and  RF.  A  multi  chip  module  will  be 
the  definitive  assembly  solution  for  low  frequency  and 
digital  functions.  The  merge  of  these  techniques  will 
reduce  the  lead-time  and  the  uncertainty  of  the  bond¬ 
ing  process.  As  far  as  the  MMIC  are  concerned  the 
trend  for  the  next  couple  of  years  is  to  assess  at  5000 
integrated  chips  per  year.  In  a  long  term  forecast,  as 
the  use  of  MMIC  increases,  the  technology  itself  is 
also  evolving  toward  solutions  like  multifunction  chips. 
So,  the  total  number  of  integrated  MMICs  is  foreseen 
to  assess  at  very  few  chips  per  equipment.  MCM  tech¬ 


6.  Conclusions 

In  this  paper  an  overview  of  the  latest  technology  in 
the  microwave  domain  for  space  applications  has  been 
presented.  The  commercial  telecommunication  satellite 
application  is  a  driving  factor  and  the  HEMT  technol¬ 
ogy  is  massively  used  in  the  space  hardware  pro¬ 
duction.  At  the  equipment  level  the  trend  is  impressive 
in  terms  of  weight,  dimensions  and  recurring  cost  re¬ 
duction.  New  families  of  components  for  the  Ka  band 
systems  are  presented  and  a  future  road  map  for  next 
generation  constellation  and  millimeter  wave  systems  is 
presented. 
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Abstract 

This  paper  gives  an  overview  of  RF  device  trends  for  the  next  generation  of  mobile  communication.  First,  the 
problems  inherent  in  future  wireless  systems  are  described.  Next,  RF  device  technologies  needed  in  the  future 
wireless  systems  are  presented.  Finally,  the  close  relationship  between  market  size  and  RF  device  cost  is 
discussed.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 
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1.  Introduction 

The  younger  consumers  of  today  primarily  desire 
smaller  and  lighter  wireless  terminals  with  longer  talk¬ 
ing  and  standby  times.  RF  device  technologies  are  of 
paramount  importance  as  they  represent  the  means  by 
which  these  requirements  can  be  met.  Both  GaAs  and 
silicon  device  technologies  have  been  pursued  as  sol¬ 
utions  for  use  in  wireless  terminals.  While  GaAs 
devices  have  met  the  technical  requirements,  their  cost 
is  considered  to  be  relatively  high  for  many  wireless 
applications.  In  contrast,  silicon  devices  have  found 
application  in  many  low-tier  products,  but  have  failed 
to  match  the  performance  of  GaAs  devices.  In  fact,  a 
historical  pattern  has  emerged  with  GaAs  devices  win¬ 
ning  the  competition  for  initial  high-tier  product  intro¬ 
ductions,  but  losing  to  silicon  devices  for  higher 
volume  and  lower  cost  products.  It  remains  to  be  seen 
whether  this  will  also  hold  true  in  the  next  generation. 


2.  Next-generation  wireless  systems 

Next-generation  wireless  systems  are  classified 
according  to  mobility  and  information  bit  rate  as 
shown  in  Fig.  1.  The  first  class  is  IMT2000,  which  is 


characterized  by  high  mobility  and  low  capacity. 
IMT2000  stands  for  International  Mobile 
Telecommunications  2000.  The  service  bit  rate  of  this 
system  is  144  kbps  at  vehicular  speed,  384  kbps  at  ped¬ 
estrian  speed,  and  2  Mbps  for  indoor  use  with  no 
mobility.  The  second  class  is  the  advanced  wireless 
access  (AW A),  which  is  being  developed  by  NTT  [1]. 
The  service  bit  rate  of  this  system  is  10  Mbps  when  the 
user  terminal  is  fixed  or  moves  very  little.  The  third 
class  is  wireless  local  loop  (WLL)  or  local  multipoint 
distributed  system  (LMDS).  These  systems  are  charac¬ 
terized  by  no  mobility  and  high  capacity.  The  service 
bit  rate  of  these  systems  is  more  than  20  Mbps. 

Fig.  2  shows  wireless  system  trends.  The  vertical  axis 
is  a  measure  of  mobility,  and  the  horizontal  axis  is  the 
information  rate.  Analog  cellular  systems  are  called 
lst-generation  systems,  and  the  present  digital  cellular 
and  digital  cordless  are  called  2nd-generation  systems. 
The  IMT2000  Phase  1  and  the  AWA,  which  are  the 
next-generation  systems,  are  called  3rd-generation  sys¬ 
tems.  The  3rd-generation  systems,  however,  only  rep¬ 
resent  a  midpoint  in  the  planned  development  of 
mobile  communication  systems.  Fourth  generation  sys¬ 
tems,  which  are  called  the  IMT2000  Phase  2  or  the 
post-IMT2000,  will  provide  high  bit  rates  of  more  than 
2  Mbps  under  high  mobility  conditions. 
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Fig.  1.  Next  generation  wireless  systems. 


3.  Problems  in  the  next-generation  wireless  systems 

Next-generation  wireless  system  designs  overcome 
three  significant  problems:  propagation  loss,  shadow¬ 
ing,  and  multipath  fading.  Multipath  fading  is  the 
most  important  issue.  Because  high  bit  rate  signals  oc¬ 
cupy  a  wide  frequency  band,  they  are  severely  distorted 
by  multipath  fading. 


In  cellular  systems,  propagation  loss  is  very  different 
from  free  space  propagation  loss  as  shown  in  Table  1. 
Free  space  propagation  loss  is  proportional  to  the 
square  of  the  frequency  and  the  square  of  the  distance. 
However,  terrestrial  propagation  loss  is  much  greater 
than  in  free  space  because  propagation  wave  undergoes 
refraction,  reflection,  and  scattering.  As  a  result,  loss 
factor  n  is  4.35  in  open  areas  such  as  rural  environ- 


Fig.  2.  Wireless  system  trends. 
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Table  1 

Propagation  loss  in  cellular  systems3 


Environment 

Free  space 

Open  (rural) 

Suburban 

Urban 

Loss  factor  n 

2 

4.35 

3.8 

3-4.3 

a  Loss  oc/2  x  dn  ( f:  frequency,  d:  distance). 


ments,  3.8  in  suburban  environments,  and  3-4.3  in 
urban  environments. 

Shadowing  is  caused  by  objects  that  temporarily 
come  between  a  base  station  and  a  mobile  terminal 
(Fig.  3).  These  objects  include  buildings,  automobiles, 
pedestrians,  etc. 

Multipath  fading  occurs  when  signals  are  received 
from  multiple  routes,  as  shown  in  Fig.  4.  A  mobile 
terminal  receives  a  combination  of  signals  of  various 
phases  and  amplitudes  through  various  routes.  This 
situation  causes  a  distortion  in  the  frequency  spectrum 
within  own  channel  bandwidth.  Multipath  fading 
induces  ripples  within  its  own  channel  bandwidth,  as 
shown  in  Fig.  4.  This  distortion  causes  a  great  increase 
in  the  bit-error-rate.  This  problem  is  compounded 
when  the  bit  rate  is  increased.  Therefore,  some 
measures  to  combat  this  problem  are  required. 

Equalization  is  the  most  primitive  method  to  combat 
multipath  fading,  but  it  is  very  difficult  to  develop 
hardware  and  software  that  have  effective  equalization 
capabilities.  Two  other  strong  candidates  have  been 
proposed.  One  is  orthogonal  frequency  division  multi¬ 
plexing  (OFDM)  and  the  other  is  code  division  mul¬ 
tiple  access  (CDMA). 

OFDM  has  been  in  the  spotlight  recently.  It  employs 


multi-carriers  for  one  channel  instead  of  a  single  car¬ 
rier.  The  broad  bandwidth  of  the  original  signal  is 
divided  into  many  narrow  bandwidths,  and  then  each 
narrow  band  signal  is  sent  by  a  different  carrier  with  a 
different  frequency,  as  shown  in  Fig.  5.  For  example,  a 
5  GHz-band  wireless  LAN  System  employs  48  carriers 
in  one  channel,  and  each  signal  bandwidth  is  only  200 
kHz,  while  the  original  signal  bandwidth  is  about 
20  MHz.  Each  signal  is  so  narrow  that  its  frequency 
spectrum  looks  almost  flat.  As  a  result,  multipath  fad¬ 
ing  does  not  increase  the  bit-error-rate  in  OFDM  sys¬ 
tems. 

CDMA  is  a  strong  measure  for  combating  multipath 
fading.  CDMA  cleverly  combines  frequency  diversity 
and  path  diversity.  Frequency  diversity  is  achieved  by 
using  the  spread  spectrum  scheme.  Path  diversity  is 
achieved  by  using  a  RAKE  receiver  [2].  Here,  the  mul¬ 
tipath  signals  are  no  problem  because  we  can  combine 
them  back  together  into  the  original  signal  by  using 
the  RAKE  receiver. 

The  key  words  in  future  wireless  systems  will  there¬ 
fore  be  OFDM  and  CDMA.  For  RF  device  engineers, 
the  most  important  task  with  respect  to  these  systems 
is  the  development  of  high-efficiency  power  amplifiers 
with  high  linearity. 

4.  Power  amplifiers  for  the  next-generation  wireless 
systems 

Fig.  6  shows  input-output  performances  of  a  typical 
power  amplifier  and  the  operation  point  for  each 
modulation  scheme.  Distortion  becomes  a  very  import¬ 
ant  issue  in  digital  wireless  systems.  There  are  two 
main  sources  of  distortion  in  power  amplifiers:  ampli- 
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Fig.  3.  Shadowing. 
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Fig.  4.  Multipath  fading. 


tude  distortion,  or  AM-AM  distortion,  and  phase  dis¬ 
tortion,  or  AM-PM  distortion. 

In  the  linear  region,  the  output-power  curve  is 
straight  because  the  gain  is  constant.  The  distortion 
effect  is  very  weak  in  this  region.  As  input  signal  is 
increased  further,  the  gain  starts  to  decrease.  The  out¬ 
put  power  level  at  which  the  gain  decreases  by  one  dB 
from  linear  is  called  the  1-dB  gain  compression  point. 
In  general,  the  1-dB  gain  compression  point  is  used  to 
describe  the  upper-limit  of  linear  operation. 

The  power  added  efficiency  (PAE)  starts  out  at  a 
very  low  level  and  rapidly  increases  around  the  1-dB 
compression  point.  The  PAE  peak  is  at  a  point  over 
the  1-dB  gain  compression  point  in  the  saturation 
region. 

GMSK  modulation,  or  Gaussian-filtered  minimum 
shift  keying,  which  is  employed  in  the  GSM  system, 
can  use  the  maximum  point  of  the  PAE  because  it  is  a 
constant  envelope-type  modulation.  Power  amplifiers 
that  are  designed  for  the  GSM  system  can  achieve 
more  than  65%  PAE.  Although  the  constant  envelope- 
type  modulation  scheme  can  be  used  with  saturation 


Flat 


narrow 

bandwidth 


amplifiers  with  high  PAE,  its  wide  frequency  spectrum 
induces  a  penalty. 

On  the  other  hand,  filtered  linear  modulations  such 
as  filtered  QPSK  modulations  yield  a  narrow  spectrum. 
However,  the  narrow  spectrum  loses  its  constant  envel¬ 
ope  property.  Therefore,  the  filtered  QPSK  modu¬ 
lation,  which  is  employed  in  the  Japanese  PDC  and 
PHS  systems,  requires  moderate  linearity  for  power 
amplifiers.  Amplifiers  for  the  PDC  and  PHS  can 
achieve  more  than  45%  PAE,  and  this  can  be 
improved  further  by  reducing  the  phase  distortion 
around  the  1-dB  gain  compression  point. 

Because  the  OFDM  system  employs  a  multi-carrier 
scheme,  intermodulation  distortion  in  the  power  ampli¬ 
fier  is  the  most  serious  problem  to  be  dealt  with.  A  5- 
GHz  band  wireless  LAN  system  requires  an  output 
back-off,  or  OBO,  of  about  7  dB.  Therefore,  the  PAE 
of  a  typical  power  amplifier  is  only  5%  for  GaAs 
MESFET  PA  and  10%  for  P-HEMT  PA  according  to 
our  experimental  results. 

The  CDMA  system  requires  precise  output  power 
control  because  of  the  near-far  problem.  The  near-far 
problem  arises  at  base  stations.  At  the  base  station, 
the  signal  levels  received  from  the  mobile  terminals  are 
quite  different  due  to  the  difference  in  the  path  lengths. 
The  dynamic  range  of  the  received  signal  level  becomes 
as  large  as  70  dB  for  path  lengths  between  100  m  and 
10  km.  The  adjacent  channel  interference  becomes 
serious  when  the  difference  in  the  received  signal  levels 
is  high.  Therefore,  some  systems  require  an  automatic 
transmit  power  control  which  controls  the  received  sig¬ 
nal  level  within  a  given  range.  CDMA  systems  must 
use  this  power  control  because  spread  spectrum  signals 
are  multiplexed  on  the  same  frequency  using  low  cross 
correlation  [3].  As  a  result,  the  typical  operational  out¬ 
put  power  for  CDMA  power  amplifiers  is  between  15 
and  20  dBm,  while  CDMA  systems  require  a  maxi- 
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Fig.  6.  Efficiency  and  linearity  of  power  amplifiers. 


mum  output  power  of  about  30  dBm.  A  large  back  off 
from  the  saturation  power  level,  more  than  10  dB  for 
CDMA,  can  greatly  reduce  the  average  PAE  of  power 
amplifiers. 

Here,  the  question  is  why  current  wireless  systems 
require  such  linearity  when  it  comes  to  power  ampli¬ 


fiers.  One  answer  is  that  the  transmitted  signal  must 
satisfy  the  specifications  of  the  adjacent  channel  inter¬ 
ference.  The  specifications  are  defined  by  the  power 
density  of  the  adjacent  channel  and/or  alternate  chan¬ 
nel,  as  shown  in  Fig.  7. 

The  original  modulated  signal  does  not  have  any  sig- 


Alternate  Adjacent  Main  Adjacent  Alternate  Alternate  Adjacent  Main  Adjacent  Alternate 

Channel  Channel  Channel  Channel  Channel  Channel  Channel  Channel  Channel  Channel 


Fig.  7.  Nonlinear  distortion  of  modulated  signal. 
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Fig.  8.  Low  intermodulation  distortion  of  HBTs. 


nal  power  outside  of  the  main  channel.  However,  the  5.  Linearity  in  HBTs  and  PHEMTs 
modulated  signal  amplified  by  a  power  amplifier  has 

considerable  power  in  the  adjacent  and  alternate  chan-  It  is  commonly  said  that  HBT  amplifiers  have  good 

nel.  The  power  leakage  due  to  power  amplifier  non-lin-  linearity.  Fig.  8  shows  the  simplified  equivalent  circuits 

earity  affects  other  channels  and/or  other  systems.  So,  of  an  HBT  and  an  FET.  HBTs  have  two  strong  non- 

what  is  the  origin  of  adjacent  channel  power  leakage?  linear  components  in  the  input  side,  i.e.,  the  base-emit- 

Adjacent  channel  power  leakage  is  caused  by  3rd-order  ter  capacitance,  Cbe,  and  the  base-emitter 

intermodulation  distortion,  which  is  intermodulation  conductance,  Gbe.  The  Cbe  and  Gbe  generate  the  2nd- 

distortion  between  the  fundamental  and  2nd-harmonic  harmonic  currents  in  the  output  circuit.  Here,  those 

signals.  Alternate  channel  power  leakage,  on  the  other  2nd  harmonic  currents  generated  by  the  Cbe  and  Gbe 

hand,  is  caused  by  5th-order  intermodulation  distor-  have  an  out-of-phase  difference  and  thus  are  canceled 

tion,  which  is  intermodulation  distortion  between  the  out  in  many  cases.  So,  the  good  linearity  of  the  HBTs 

2nd-  and  3rd-harmonic  signals.  Therefore,  it  is  believed  results  from  this  mechanism  [4].  On  the  other  hand, 

that  the  suppression  of  the  2nd-order  harmonic  power  FETs  have  only  one  nonlinear  component  in  the  input 

would  be  a  very  effective  way  of  reducing  the  power  side,  i.e.,  the  gate-source  capacitance,  Cgs.  Therefore, 

leakage  because  the  2nd-order  harmonic  signal  is  clo-  the  2nd  harmonic  current  in  FETs  is  somewhat  larger 

sely  related  to  both  the  3rd-  and  5th-order  intermodu-  than  that  in  HBTs. 

lation  distortions.  The  Gm  and  Cgs  of  a  PHEMT  are  almost  constant 


Lg-B.5  gm,  LUg=  1 2mm 

Lg=0.5  gm,  UJg=5.2mm  f=5GHz 


Ug  (U)  Pin  (dBm) 


Fig.  9.  Low  phase  distortion  in  PHEMT. 
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Fig.  10.  RF  device  market  in  1996. 


over  a  wide  range  of  gate  biases.  Therefore,  PHEMT 
provides  low  phase  distortion  around  the  1-dB  gain 
compression  as  shown  in  Fig.  9.  This  low  phase  distor¬ 
tion  performance  is  expected  to  increase  the  PAE  of 
power  amplifiers  for  QPSK  systems  such  as  the  PDC 
and  PHS. 


6.  Relationship  between  market  size  and  RF  device  cost 

The  RF  device  market  was  about  2.5  billion  dollars 
in  1996,  which  accounted  for  only  2%  of  the  entire 
semiconductor  market,  as  shown  in  Fig.  10.  Silicon 
devices  now  occupy  60%  of  the  RF  device  market, 
with  the  GaAs  device  market  accounting  for  40%.  The 
total  GaAs  device  market,  except  for  opto-electronics 
devices,  is  about  1  billion  dollars,  and  GaAs  ICs  take 
up  just  about  half  of  the  total  [5].  The  RF  device  mar¬ 
ket  is  considerable  at  2.5  billion  dollars,  but  it  is  a 
niche  market  in  comparison  with  the  whole  semicon¬ 
ductor  market. 

Here,  I  would  like  to  discuss  why  silicon  RF  devices 
are  available  at  low  cost.  It  is  not  simply  a  matter  of 
silicon  RF  devices  being  cheaper  to  manufacture. 
Table  2  shows  examples  of  the  process  lines  at  a  cer¬ 
tain  company,  which  has  had  success  in  the  cellular 
market.  That  company  has  three  kinds  of  fabrication 
lines.  Fab  line  A  is  a  0.35  pm-line  which  is  used  in  pro- 


Table  2 

Examples  of  process  lines  at  a  successful  company 


Fab  line 

Product 

Depreciation 

RF  devices 

Line- A  0.35  pm 

Digital 

No 

No 

Line-B  0.5  pm 

Digital/analog 

Yes 

Yesa 

Line-C  1.3  pm 

Analog 

Yes 

No 

ducing  advanced  DRAMs  and  MPUs.  Fab  line  B  is  a 
0.5  pm-line  that  is  used  in  producing  custom  digital 
LSIs  and  RF  devices.  Fab  line  C  is  a  1.3  pm-line  that 
is  used  in  producing  analog  devices  such  as  power 
devices.  Here,  line-B  and  line-C  are  already  depre¬ 
ciated.  The  company  has  a  considerable  market  share 
in  RF  devices  in  the  cellular  market.  However,  only 
10%  of  the  line-B  output  is  used  for  RF  devices.  The 
remaining  90%  is  used  for  custom  LSIs  such  as 
SRAMs.  Fortunately,  since  line-B  operates  at  full  fab 
capacity,  the  company  provides  RF  devices  at  half  the 
price  of  the  corresponding  GaAs  devices.  Therefore, 
the  keys  to  being  able  to  offer  a  low  price  are  to  use 
depreciated  CMOS  lines  and  to  have  some  good  part¬ 
ner  products  such  as  DRAMs.  Here,  process  modifi¬ 
cations  for  RF  devices  are  not  permitted  because  RF 
devices  are  usually  minor  products  on  the  line. 

Fig.  1 1  shows  the  relative  cost  per  wafer  vs  the  per¬ 
centage  of  full  fab  capacity  for  MOSFETs.  DRAMs 
are  available  at  low  cost  because  their  lines  operate  at 
full  fab  capacity.  Even  a  company  with  considerable 
market  share  in  RF  devices  cannot  operate  a  line  at 
full  capacity.  For  example,  one  successful  company 
with  a  60%  share  of  the  GSM  handset  market  only 
operates  at  10  or  20%  of  its  full  fab  capacity. 
Therefore,  some  process  partners  such  as  DRAMs  are 
indispensable  for  reducing  RF  device  costs  in  the  sili¬ 
con  process. 

Fig.  12  shows  relative  cost  per  wafer  vs  the  percen¬ 
tage  of  full  fab  capacity  for  GaAs  MESFETs.  The  fab- 
line  for  GaAs  MESFETs  is  much  smaller  than  that  of 
Si-CMOS  and  the  wafer  size  of  GaAs  is  3  or  4  inches, 
while  the  wafer  size  of  silicon  is  6  or  8  inches. 
Therefore,  if  one  has  a  considerable  market  share  of 


About  10%  of  the  line  is  used  for  RF  devices. 


Fig.  11.  Relative  production  cost  versus  percentage  of  full  fab 
capacity.  (In  the  case  of  MOSFETs). 
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Percentage  of  Full  Fab  Capacity 

Fig.  12.  Relative  production  cost  versus  perecentage  of  full 
fab  capacity.  (In  the  case  of  GaAs  MESFETs). 


the  RF  device  market,  the  percentage  of  full  fab  ca¬ 
pacity  may  reach  90%.  So,  I  would  say  that  GaAs  fab 
lines  fit  the  current  RF  device  market  better  than  Si 
fab  lines. 


7.  Conclusion 

The  present  RF  device  market  is  still  small  for  sili¬ 
con  fab  lines.  In  my  opinion,  GaAs  fab  lines  fit  the 
current  RF  device  market  better  than  Si  fab  lines. 
However,  because  the  market  for  RF  devices  is  limited, 
not  all  manufacturers  who  would  like  to  join  the  mar¬ 
ket  will  find  it  feasible  to  do  so.  Although  the  device 
selection  is  important,  it  is  more  important  to  have 
your  own  original  technology  that  distinguishes  you 
from  the  competition. 
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Abstract 

After  a  short  presentation  of  the  market  outlook  of  the  commercial  applications  of  millimetre-wave  systems,  we 
present  three  examples  of  a  successful  development  of  MMIC  chip-sets:  one  chip-set  for  a  full  duplex  Ka-band 
transceiver  for  a  multipoint  communication  system;  one  chip-set  for  a  40  GHz  MVDS  subscriber  terminal  and, 
finally,  one  chip-set  for  a  76.5  GHz  car  radar  system  for  ACC.  In  all  three  cases,  a  full  MMIC  architecture  is  used. 
In  our  view,  this  is  the  only  solution  to  allow  the  high  yield  and  high  volume  fabrication  of  the  RF  front-end 
modules  at  the  very  low  costs  which  are  required  for  market  development.  ©  1999  Published  by  Elsevier  Science 
Ltd.  All  rights  reserved. 


1.  Introduction 

The  wireless  telecommunications  are  giving  a  for¬ 
midable  push  to  the  GaAs  MMIC  industry.  GaAs 
MMICs  are  now  widely  accepted  by  the  consumer 
mobile  phone  market,  the  GaAs  MMIC  technology 
being  used  mainly  for  the  power  amplifier  of  the  hand¬ 
sets.  This  application  is  at  the  low-end  (below  2  GHz) 
of  the  frequency  range  of  interest  for  the  GaAs  tech¬ 
nology,  which  is  engaged  in  a  fierce  price/performance 
competition  with  the  Si  or  SiGe  technologies. 

However,  the  mobile  phone  is  not  the  whole  story 
for  GaAs  and  other  volume  applications,  especially  at 
millimetre-wave,  are  blossoming  rapidly  and  for  which 
the  GaAs  MMIC  technology  will  have  no  alternative. 
This  includes  short  haul  digital  communication  systems 
using  wireless  radio  links,  for  interconnecting  mobile 
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phone  base  stations  (point  to  point  digital  radio  links) 
or  wireless  local  loop  systems  (WLL)  connecting  sub¬ 
scribers  directly  to  a  base  station  for  TV  broadcast  or 
for  interactive  multimedia  distribution  services  (see 
Fig.  1). 

Another  extremely  important  millimetre-wave  appli¬ 
cation  which  is  under  intense  development  phase,  with 
strong  investments  involved,  concerns  the  automotive 
industry:  this  is  the  development  of  forward  looking 
car  radars  (FLR)  for  increased  driving  comfort  and 
safety  with,  respectively,  adaptive  cruise  control 
(ACC)  and  collision  warning/avoidance  (CW/A) 
systems. 

In  this  paper  we  present  a  short  outlook  of  the  mar¬ 
ket  perspectives  for  these  rapidly  developing  milli¬ 
meter-wave  industrial  applications,  which  will  be 
crucial  for  the  future  of  the  GaAs  MMIC  industry. 
We  will  then  describe  with  some  detail  the  strong 
investments  that  we  are  devoting  in  UMS  for  the 
development  of  several  families  of  standard  MMICs 
designed  to  cover  these  applications. 
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LMDS :  Local  Multipoint  Distribution  System  :  USA 
MVDS :  Microwave  Video  Distribution  System :  Europe 


CABLE  Network 


Fig.  1.  Millimetre-wave  multipoint  distribution  for  interactive  multimedia  services  (LMDS/MVDS). 


2.  Market  outlook 

2.1.  Short  haul  millimetre-wave  wireless  communication 
systems 

With  respect  to  conventional  wired  high  data  rate 
communication  systems,  including  optical  fibres,  the 
millimetre-wave  wireless  solutions  offer  the  advantages 
(i)  of  being  more  cost  effective,  especially  for  the  cover¬ 
age  of  rural  or  suburban  areas;  (ii)  of  a  much  faster 
deployment,  with  potential  rapid  returns  on  invest¬ 
ments  and  (iii)  of  being  more  easily  scaleable  to  fit 
with  the  subscriber  demand. 

The  market  for  point-to-point  digital  radio  links ,  for 
mobile  phone  base  station  networks  already  exists  with 
an  estimated  volume  above  100,000  digital  radios 
installed  per  year  world-wide,  with  an  annual  growth 
rate  of  25%  [1].  These  telecommunication  systems  are 
operating  using  various  frequency  bands  from  7  to  18 
GHz  for  long  haul  links  and  up  to  60  GHz  for  short 
haul,  with  38  GHz  becoming  a  preferred  choice. 
Originally  developed  in  Europe,  these  systems  are  now 
being  deployed  world-wide  and  are  especially  economi¬ 
cally  interesting  in  the  developing  countries  where  a 
strong  wired  telephone  network  infrastructure  is  not 
existing.  The  market  forecasts  show  that  a  majority  of 
the  installed  radios  links  are  and  will  be  at  Ka-band 
(23/26,  38  GHz)  and  that  the  market  should  exceed 
200,000  millimetre-wave  radios  per  year  after  2000  [1]. 
The  target  prices  for  a  complete  transmit/receive  mod¬ 
ule  are  now  below  US$1000  for  reasonably  large  quan¬ 
tities  (several  104  modules).  This  dictates  the  use  of 
low-cost  solutions  with  a  highly  integrated  MMIC 
module  technology,  which  will  replace  progressively 
the  traditional  hybrid  approaches  using  a  costly  assem¬ 
bly  and  tuning  of  a  large  number  of  discrete  com¬ 
ponents. 


Millimeter-wave  multipoint  distribution  systems  are 
also  already  operating,  for  TV  broadcast  (LMDS: 
local  multipoint  distribution  system),  especially  in  the 
US,  Canada,  South  America  and  Eastern  Europe  at  28 
GHz  [2].  Such  local  broadcast  systems  can  use  a  simple 
analogue,  one-way  communication  scheme,  similar  to 
the  existing  MMDS  (multichannel  multipoint  distri¬ 
bution  system,  ‘wireless  cable  TV  system’)  operating  at 
2.5  GHz. 

However,  the  available  broader  bandwidth  at  28 
GHz  (1  GHz)  opens  the  door  for  more  sophisticated 
interactive  multimedia  services  including  telephone, 
video-on-demand,  video  conferencing  and  Internet/ 
data  communications,  targeting  residential  family 
entertainment  as  well  as  business  services.  One 
specially  interesting  market  segment  concerns  the  small 
or  home  businesses  (SOHO),  whose  demand  could 
explode  in  the  near  future.  Exactly  similar  interactive 
multimedia  distribution  services  are  also  now  being 
actively  developed  in  Western  Europe;  it  seems  that 
most  of  these  future  services,  using  bi-directional  digi¬ 
tal  radio  links  will  be  operated  in  Europe  at  a  higher 
frequency,  with  a  broader  bandwidth:  40.5-42.5  GHz. 
These  systems  are  usually  called  MVDS  (multipoint 
video  distribution  system).  In  the  European  deregula¬ 
tion  context  for  telecommunications,  it  is  important 
that  such  wideband  systems  include  also  telephone  ser¬ 
vices,  allowing  new  operators  to  step  in  the  field  with¬ 
out  depending  on  the  installed  infrastructure  (with 
high  rental  costs)  of  their  traditional  competitors. 

The  market  perspectives  for  such  millimeter- wave 
multipoint  distribution  systems  (LMDS/MVDS)  are 
extremely  exciting  [2],  with  about  10  million  subscri¬ 
bers  world-wide  expected  by  2000  and  about  40  million 
by  2005;  the  cost  of  the  equipment  will  be  of  course 
one  of  the  driving  factors,  with  a  target  price  below 
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US$700  (respectively,  US$150)  in  2000  (respectively, 
2005)  for  the  consumer  market. 

The  competition  for  traditional  wired  systems  will 
probably  not  come  from  LMDS/MVDS  only,  but  also 
from  space.  The  objective  of  the  Teledesic(/Celestri)  or 
Skybridge  LEO  constellation  satellite  systems  is  to 
build  an  ‘Internet  in  the  sky’;  the  GEO  satellite  sys¬ 
tems  Cyberstar,  Astrolink  or  Spaceway  have  similar 
objectives.  The  launching  of  these  multimedia  satellite 
services  opens  however  the  same  opportunities  for  the 
GaAs  MMIC  industry,  for  the  expected  large  number 
of  ground  user  terminals  (VSAT)  that  these  systems 
will  generate.  Most  of  these  services  will  be  operated  at 
Ka-band  with  down-links  at  19  GHz  and  up-links  at 
28  GHz. 

2.2.  Millimetre-wave  forward  looking  car  radars  ( FLR) 

The  market  introduction  of  the  first  generation  of 
forward  looking  car  radars  (FLR)  for  adaptive  cruise 
control  (ACC)  is  just  starting  this  year.  The  FLR  car 
application  is  even  more  challenging  than  millimetre- 
wave  broadband  telecommunications,  due  to  the  very 
high  frequency  which  has  been  dedicated  (76  GHz) 
and  to  the  extremely  low  target  prices.  Most  of  these 
systems  are  today  using  a  sensor  based  on  a  pulsed  or 
FM-CW  radar  concept  and  are  fabricated  with  discrete 
millimetre-wave  diodes,  with  a  Gunn  diode  for  the 
emitter,  Schottky  diodes  for  immediate  down  conver¬ 
sion  for  the  receiver  and  PIN  diodes  for  signal  switch¬ 
ing.  Once  again,  with  the  large  volumes  and  the  very 
low  prices  which  are  aimed  at,  cost  effective  MMIC 
solutions  should  rapidly  take  over,  without  talking 
about  the  specific  reliability  and  supply  problems  for 
Gunn  diodes.  It  is  difficult  to  have  reliable  market 
forecasts  for  this  just  emerging  application,  considering 
the  huge  industrial  competition  issues  for  the  car  man¬ 
ufacturers  and  also  all  the  technical,  social  and  legal 
difficulties  and  risks  associated  with  the  introduction  in 
the  consumer  market  of  such  a  sensitive  new  equip¬ 
ment. 

It  is  however  usually  accepted  that: 

•  The  introduction  of  the  ACC  systems  for  increased 
driving  comfort  will  start  first,  because  they  are 
much  simpler  to  implement  than  collision  warning/ 
avoidance  systems  (CW/A). 

•  These  ACC  systems  will  be  first  introduced  in 
Europe,  starting  this  year,  before  US,  because  of  the 
probable  technical  advance  of  the  German  car  man¬ 
ufacturers;  however  the  US  market  could  follow 
very  rapidly,  because  most  of  the  US  cars  are 
already  equipped  with  a  cruise  control  which  could 
be  easily  upgraded  by  an  ACC  system. 

•  The  introduction  of  CW/A  radars,  bringing  the 
desired  feature  of  improved  safety,  will  start  a  few 


years  after  (~2002-2003). 

•  The  total  number  of  equipped  cars  world-wide  is 
expected  to  be  about  400  K  in  2000,  increasing  to 
above  5  M  in  2005. 


3.  GaAs  MMIC  technology 

In  order  to  cover  these  millimetre-wave  applications, 

UMS  has  developed  several  GaAs  MMIC  processes, 

which  we  now  briefly  describe: 

•  PH25,  a  pseudomorphic  HEMT  (P-HEMT)  process 
with  0.25  pm  Al  gates,  dedicated  to  very  low-noise 
and  small/medium  signal  circuits  up  to  40  GHz.  The 
epitaxy  material  includes  an  etch-stop  layer  for 
improving  the  gate  recess  reproducibility  and  the  on 
wafer  uniformity  of  the  electrical  performances.  The 
typical  noise  figure  of  PH25  transistors  is  1.5  dB 
with  8  dB  of  associated  gain  at  40  GHz. 

•  PH  15,  a  variant  of  the  PH25  process  with  a  shorter 
gate  length  (0.15  pm),  for  applications  up  to  80 
GHz.  The  typical  noise  figure  of  PH  15  transistors  is 
2.0  dB  with  6  dB  of  associated  gain  at  60  GHz. 

•  PPH25,  a  power  variant  of  PH25,  also  with  0.25  pm 
Al  gates,  with  a  double  heterojunction/delta  doping 
epitaxial  sequence  and  a  double  gate  recess  for 
increased  linear  power  amplification  capability  up  to 
Ka-band.  The  PPH25  transistors  exhibit  a  typical 
breakdown  voltage  Fbds>  10  V  and  about  600  mW / 
mm  of  power  density  at  the  1  dB  gain  compression 
point. 

•  BES  (buried  epitaxy  Schottky),  a  1  pm  Schottky 
diode  MMIC  process  dedicated  to  millimetre-wave 
low  conversion  loss  mixer  circuits.  The  extrinsic  cut¬ 
off  frequency  is  about  3  THz. 

All  these  processes  are  fully  documented  with  design 


Fig.  2.  Block  diagram  of  a  Ka-band  point  to  multipoint  trans¬ 
ceiver  module,  stressing  the  integration  of  8  millimetre-wave 
MMICs  from  UMS. 
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40.5GH  41.5  GHz  42.5GHz 

Fig.  3.  The  two  possible  frequency  mappings  of  the  MVDS 
40.5-42.5  GHz  bandwidth. 

rules  and  small  and  large  signal  electrical  models  for 
MMIC  design  and  simulation. 


4.  MMICs  for  millimetre-wave  wireless  communications 

We  have  reported  elsewhere  the  design  of  a  highly 
integrated  Ka-band  (24-26  GHz)  full  duplex  transcei¬ 
ver  module  for  a  high  volume  multipoint  distribution 
system  [3].  This  system  is  developed  by  P.COM  (one 
US  industry  leader  for  point-to-point  and  point-to- 
multipoint  radio  link  systems),  with  the  modules 
designed  and  manufactured  by  Thomson-CSF.  The 
module  uses  a  full  MMIC  solution  in  order  to  reduce 
drastically  the  module  assembly  cost  and  manufactur¬ 
ing  time.  The  block  diagram  of  the  transceiver  is  given 
in  Fig. 2. 

The  chip-set  is  composed  of  8  different  MMICs,  one 
LNA,  one  HPA,  two  LO  buffer  amplifiers,  one  vari¬ 
able-gain  driver  amplifier  (VGA),  one  up-  and  one 
down-converter  mixers  and  a  frequency  multiplier;  all 
these  MMICs  are  designed  and  manufactured  by  UMS 
using  the  PH25  process,  except  for  the  mixers  which 
use  the  BES  process  and  for  the  HPA,  which  uses  the 
power  PPH25  process.  The  description  of  the  architec¬ 
ture  and  of  the  technology  of  the  transceiver  module 


and  the  main  performances  of  the  MMIC  chip-set  can 
be  found  in  the  proceedings  of  the  conference  men¬ 
tioned  above  [3]. 

The  performances  of  other  MMICs,  developed  for 
millimetre-wave  transceiver  modules  for  another  wire¬ 
less  telecommunication  system  are  also  given  in 
another  contribution  in  the  same  conference  [4]. 


5.  MMICs  for  a  40.5-42.5  GHz  MVDS  application 

The  MMIC  chip-set  that  we  are  now  describing  in 
this  section  is  developed  for  40.5-42.5  GHz  MVDS 
subscriber  terminals.  The  RF  front-end  is  composed  of 
one  receive  circuit  and  one  transmit  circuit  for  the 
return  path.  It  is  designed  to  use  the  same  satellite  in¬ 
termediate  frequency  band  as  for  TV  broadcast  (0.95- 
2.175  GHz),  in  order  to  be  fully  compatible  with  the 
direct-to-home  standard  format  (DTH)  and  use  the 
same  settop  boxes. 

Considering  this  available  1  GHz  bandwidth,  the 
full  MVDS  band  is  split  into  two  1  GHz  receive  sub¬ 
bands;  the  bandwidth  of  the  transmit  channel  (return 
path)  has  been  fixed  to  300  MHz.  The  two  possible  fre¬ 
quency  mappings  are  shown  in  Fig.  3.  With  the  two 
possible  polarisations  for  propagation,  this  gives  4 
different  signal  combinations  which  will  be  used  to  pre¬ 
vent  a  possible  interference  with  signals  coming  from 
adjacent  cells. 

The  block  diagrams  of  the  receive  and  transmit  RF 
circuits  are  given  in  Figs.  4  and  5.  Figs.  4  and  5  also 
display  the  first  generation  of  the  MMIC  chip-set  that 
we  have  developed  for  this  application.  As  can  be  seen, 
a  full  MMIC  solution  has  been  chosen  in  order  to  be 
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Fig.  4.  Block  diagram  of  the  receive  circuit  of  the  MVDS  terminal,  integrating  4  MMICs:  one  LNA,  one  image  rejection  mixer  and 
two  frequency  multipliers. 
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Multiplier  Chain  Balanced  Mixer  Tx  Filter  VGA 


LO  Input  O 


IF  Input  O 

180°  IF  Divider 

Fig.  5.  Block  diagram  of  the  transmit  circuit  (return  path)  of  the  MVDS  terminal,  integrating  4  MMICs:  two  frequency  multipliers 
(identical  to  those  of  the  receive  circuit),  one  balanced  mixer  and  one  variable  gain  amplifier. 


compatible  with  the  extremely  low  target  prices 
requested  for  this  high  volume  consumer  application. 
All  the  MMICs  of  the  chip-set  are  fabricated  by  using 
the  PH25  process. 

5.1.  Low  noise  amplifier  (LNA) 

The  present  version  of  the  chip-set  uses  a  35-40 
GHz  3-stage  LNA  which  is  a  UMS  standard  product 
(CHA2094)  developed  for  38  GHz  point  to  point  radio 
links1.  Although  it  has  been  designed  for  applications 
at  lower  frequencies,  its  typical  noise  figure  is  below  4 
dB  with  19  dB  of  associated  gain  in  the  MVDS  band¬ 
width.  The  input  and  output  return  losses  are,  how¬ 
ever,  insufficient  and  a  redesign  of  this  LNA  is 
probably  necessary  to  better  match  the  MVDS  band¬ 
width. 

5.2.  Down-converter  mixer 

This  down-converter  is  an  image  rejection  mixer 
(IRM).  It  is  composed  of  two  cold  FETs  biased  at 
pinch-off.  The  LO  signal  is  first  amplified  by  a  one- 
stage  buffer  amplifier  and  then  split  by  a  Wilkinson 
divider.  The  in-phase  and  in-quadrature  RF  signals  are 
obtained  using  a  Lange  coupler.  The  LO  and  RF  sig¬ 
nals  feed  the  drains  of  the  two  cold  FETs.  The  image 
frequency  rejection  is  achieved  by  an  off-chip  recombi¬ 
nation  of  the  I/Q  intermediate  frequency  (IF)  signals. 
This  IRM  is  designed  for  an  infradyne  LO  at  39.5/40.5 
GHz  (depending  on  the  receive  sub-band)  for  the 


1  The  data  sheets  of  our  standard  products  are  available  on 
http://www.ums-gaas.com. 


down-conversion  of  the  RF  signal  in  the  DTH  band¬ 
width.  The  chip  size  of  this  MMIC  is  2.1  x  1.3  mm2. 

Fig.  6  gives  the  on-wafer  measurements  of  the  con¬ 
version  losses  at  the  /  and  Q  IF  outputs,  before  recom¬ 
bination.  The  unexpected  gap  (1.5  dB)  between  the  / 
and  Q  conversion  losses  should  be  suppressed  in  the 
next  version  of  this  chip;  the  first  lot  with  a  corrected 
design  is  under  processing. 

5.3.  Frequency  multipliers 

The  same  frequency  multiplier  chain  is  used  in  the 
receive  and  transmit  channels  to  convert  the  10  GHz 
LO  signal  to  40  GHz.  The  chain  is  composed  of  two 
cascaded  MMICs,  each  one  being  a  frequency  multi¬ 
plier  by  2.  These  MMICs  are  displayed  twice  in  Figs.  3 
and  4.  The  design  of  these  two  MMICs  is  similar,  with 
lumped  inductors  for  the  first  multiplier  (from  10  to  20 


Fig.  6.  On-wafer  measurement  of  the  conversion  loss  of  the 
image  rejection  mixer  on  its  two  IF  outputs.  The  IF  in-phase 
and  in-quadrature  signals  are  not  recombined  during  these 
measurements. 
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Input  Frequency  (GHz) 

Fig.  7.  On-wafer  measurements  of  the  performances  of  the 
first  frequency  multiplier  MMIC  (from  10  to  20  GHz). 

GHz)  and  stubs  for  the  second  one  (from  20  to  40 
GHz).  In  both  MMICs,  the  frequency  multiplication  is 
performed  in  the  first  stage  of  the  circuit,  the  second 
stage  being  a  buffer  amplifier  at  the  doubled  frequency. 
The  multiplication  is  achieved  by  biasing  the  active 
FETs  at  pinch-off.  The  chip  size  is  1.7  x  1  mm2  for 
both  MMICs. 

The  performances  of  these  MMICs  are  displayed  in 
Figs.  7  and  8,  showing,  as  a  function  of  the  input  fre¬ 
quency  (FO),  the  output  power  at  the  doubled  fre¬ 
quency  (2  x  F0)  and  the  output  leakage  at  F0.  For  the 
first  multiplier  (from  10  to  20  GHz)  the  gap  between 
the  output  power  levels  at  2  x  F0  and  F0  is  better 
than  24  dB.  For  the  second  multiplier  (from  20  to  40 
GHz),  it  is  better  than  30  dB. 

5.4.  Up-converter  mixer 

The  up-converter  MMIC  is  a  balanced  mixer  com¬ 
posed  of  two  cold  FETs  biased  at  pinch-off  between 
two  Lange  couplers  for  splitting  the  LO  signal  and 
recombining  the  RF  signal  at  the  output  port,  rejecting 
the  LO  frequency.  Both  the  in-phase  and  inverted  IF 
signals  are  required  at  two  separated  input  ports;  the 


Fig.  9.  On-wafer  measurement  of  the  conversion  loss  of  the 
balanced  up-converter  mixer.  The  IF  signal  is  injected  in  only 
one  single  input  port. 


inverted  IF  signal  has  to  be  generated  off-chip  in  this 
version  of  the  mixer.  The  chip  size  of  this  MMIC  is 
2.1  x  1.3  mm2. 

The  measured  conversion  losses  as  a  function  of  the 
intermediate  frequency  are  given  in  Fig.  9,  with  the  IF 
signal  injected  in  one  single  input  port.  As  for  the 
down-converter  mixer  described  in  Section  5.2,  an 
unexpected  gap  of  about  2  dB  is  measured  between  the 
two  IF  channels,  which  should  be  corrected  in  the  next 
version  of  this  MMIC,  which  is  also  under  processing. 

5.5.  Variable  gain  amplifier 

This  variable  gain  amplifier  (VGA)  MMIC  controls 
the  transmitted  output  power  of  the  return  path  signal. 
The  principle  of  the  gain  control  is  based  on  a  double 
cold  FET  reflective  attenuator  using  a  Lange  coupler. 
This  attenuator  stage  is  followed  by  a  three-stage 
power  amplifier.  The  chip  size  is  2.1  x  1  mm2. 

The  measured  small  signal  gain,  input  and  return 
losses  are  given  in  Fig.  10.  The  gain  control  at  41  GHz 
is  given  in  Fig.  11;  the  gain  control  dynamic  is  better 


Frequency  (GHz) 


Fig.  8.  On-wafer  measurements  of  the  performances  of  the  Fig.  10.  On-wafer  measurement  of  the  small  signal  gain  and 
second  frequency  multiplier  MMIC  (from  20  to  40  GHz).  return  losses  of  the  40  GHz  VGA. 
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Control  Voltage  (V) 

Fig.  11.  On-wafer  measurement  of  the  gain  control  of  the  40 
GHz  VGA. 

than  15  dB.  The  power  performances  at  40  GHz  are 
given  in  Fig.  12.  The  output  power  at  the  1  dB  com¬ 
pression  point  is  in  the  range  16-17  dBm. 

5.6.  New  generation  of  the  MVDS  MMIC  chip-set 

In  order  to  reach  the  price  target  of  the  RF  front- 
end  of  the  MVDS  subscriber  terminal,  we  are  design¬ 
ing  the  second  generation  of  the  MMIC  chip-set,  with 
the  objectives  to  reduce  the  module  manufacturing 
cost  by  simplifying  the  assembly  and  tuning.  This  will 
be  obtained  thanks  to  an  increased  level  of  monolithic 
integration: 

•  The  two  frequency  multipliers  will  be  integrated  in 
one  single  MMIC,  which  will  also  integrate  an  X- 
band  VCO. 

•  The  design  of  a  new  LNA  is  also  underway,  better 
matched  to  the  MVDS  bandwidth;  it  will  be  mono- 
lithically  integrated  with  the  image  rejection  mixer. 
The  Rx  filter,  displayed  in  Fig.  4  will  be  suppressed, 
thanks  to  the  image  frequency  rejection.  Also,  the 
IRM  will  not  integrate  on-chip  the  IF  signal  combi¬ 
ner. 


Input  Power  (dBm) 

Fig.  12.  On-wafer  measurement  of  the  power  performances  of 
the  40  GHz  VGA. 


•  The  up-converter  mixer  MMIC  will  be  also  rede¬ 
signed,  in  order  to  integrate  the  generation  of 
inverted  IF  signal  on-chip.  It  will  also  integrate  a 
buffer  amplifier  at  the  RF  output. 

This  new  generation  will  reduce  the  chip  set  count 
from  8  to  5  and  will  also  reduce  the  number  of  passive 
components. 

6.  Forward  looking  car  radars 

The  last  example  in  this  paper  is  a  chip-set  for  a 
76.5  GHz  adaptive  cruise  control  (ACC)  car  radar  sen¬ 
sor;  this  radar  is  developed  in  co-operation  with 
Thomson-CSF  and  Lucas  Varity  [5].  The  radar  is 
based  on  a  FSK  approach  (frequency  shift  keying  sig¬ 
nal  waveform).  Again,  a  full  MMIC  solution  has  been 
developed.  Fig.  13  gives  the  block  diagram  of  the  RF 
front-end  of  the  sensor. 

This  RF  front-end  is  fabricated  with  only  3  MMICs: 
one  38  GHz  oscillator  (PH25),  one  frequency  doubler/ 
power  amplifier  at  76.5  GHz  (PH  15)  and  one  double 
mixer  for  the  receive  down-conversion  (BES).  This 
chip-set  is  described  in  more  detail  elsewhere  [6].  The 
MMIC  partitioning  and  the  choice  of  MMIC  technol¬ 
ogy  for  each  circuit  result  from  an  extensive  effort  for 
optimising  the  overall  RF  front-end  performances  (and 
specially  its  noise  performances,  which  determine 
directly  the  radar  sensitivity)  and  the  module  fabrica¬ 
tion  yield,  with  minimum  wire  bonding  and  hybrid  cir¬ 
cuits  at  V-band. 

The  oscillator  circuit  is  perhaps  the  most  critical 
component  of  the  front-end.  The  frequency  is  stabilised 
by  an  external  resonator.  With  a  high-2  resonator 
(DRO)  a  phase  noise  of  —100  dBc/Hz  has  been 
measured  in  a  test  jig  at  100  kHz  off-carrier  (38.25 
GHz)  with  a  10  MHz  tuning  range.  This  limited  band¬ 
width  is  compatible  with  the  FSK  approach  of  the 
radar. 

The  BES  process  has  been  selected  for  the  down- 
converter  mixer  to  minimise  the  conversion  loss  and 
the  low  frequency  noise  of  the  receiver.  7  dB  and  -160 
dBm/Hz  have  been  obtained,  respectively,  for  the  con¬ 
version  loss  and  the  IF  noise  at  100  kHz,  which  is  a 
very  significant  improvement  with  respect  to  a  former 
version  using  a  PH  15  cold  FET  approach. 


7.  Conclusion 

Several  commercial  millimetre-wave  applications, 
either  for  wireless  communications  or  car  radars  are 
promised  to  very  high  volumes  in  the  very  near  future, 
if  the  manufacturing  costs,  including  the  costs  of  the 
RF  front-ends,  can  be  drastically  reduced.  In  our  view, 
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Fig.  13.  Block  diagram  of  the  ACC  radar  RF  front-end  for  a  quasi  bistatic  system  with  two  receiver  channels. 


this  will  be  possible  only  if  full  MMIC  solutions  are 
followed,  allowing  to  miniaturise  and  simplify  con¬ 
siderably  the  RF  module  assembly  and  tuning. 

We  have  demonstrated  the  successful  development 
of  high  performance  MMIC  chip-sets  for  several  of 
these  millimetre-wave  commercial  applications.  This 
has  been  obtained  after  strong  R&D  efforts  for  the 
development  of  the  adequate  GaAs  MMIC  technol¬ 
ogies  and  the  optimisation  of  several  generations  of 
MMICs.  This  optimisation  has  been  performed  in 
tight  partnership  with  the  system  developers,  our  cus¬ 
tomers. 
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Abstract 

The  development  status  of  millimeter-wave  HEMTs  on  GaAs  has  improved  to  a  status  where  widespread  use  has 
become  normal  in  modern  information  systems  for  communication  and  sensor  application.  The  remaining  challenge 
for  MMICs  is  to  meet  the  cost  margin  in  order  to  be  economically  attractive  for  commercial  markets.  For 
commercial  applications  it  is  generally  preferred  to  offer  performance  identical  to  competing  technologies  at  a  lower 
cost  than  to  offer  improved  performance  at  the  same  cost.  Although  it  seems  enigmatic,  for  certain  rapidly  evolving 
system  applications,  alternative  InP-based  generations  of  HEMT  devices  either  on  InP-  or  GaAs-substrate  may 
become  attractive.  This  paper  focuses  on  this  topic.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

While  mobile  communication  in  the  low  GHz  regime 
is  promoting  the  use  of  microwave  systems  on  a  large 
market  scale  millimeter-wave  systems  are  now  also 
being  developed  for  use  in  civil  systems  with  poten¬ 
tially  high  production  volumes.  This  especially  holds 
for  radar-based  sensor  systems  to  be  used  in  cars  for 
intelligent  cruise  control  or  collision  avoidance  sys¬ 
tems,  but  also  for  advanced  communication  systems. 
With  increasing  requirements  concerning  reduced 
power  consumption  and,  forced  by  environmental  con¬ 
siderations,  reduced  RF-power  level  and  higher  fre¬ 
quency  bands  it  becomes  reasonable  to  consider 
supplements  to  the  well-established  GaAs  technology. 
InP-HEMT  based  components,  either  on  InP-  or 
GaAs-substrate  (metamorphic  approach)  will  have  the 
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potential  to  improve  the  performance  of  present  sys¬ 
tems  in  terms  of  power  consumption,  sensitivity, 
required  chip  area  per  function  and  since  they  show 
comparable  electrical  performance  to  their  GaAs 
counterparts  at  larger  gate  geometry  offer  reduced  fab¬ 
rication  costs.  Moreover,  they  open  higher  frequencies 
to  be  used  for  advanced  and  novel  systems. 


2.  Application  scenario 

The  traditional  applications  for  very  high  frequency 
HEMT-electronics  are  military  systems  for  communi¬ 
cation  and  radar-systems  like  battlefield  communi¬ 
cation,  airborne  active  array  radars,  smart  munitions, 
electronic  warfare  and  missiles  operating  in  the  higher 
mm-wave  regime  like  50-94  GHz.  More  and  more  civil 
applications  promote  a  market  for  millimeter-wave  sys¬ 
tems.  This  especially  holds  for  radar-based  sensor  sys¬ 
tems  to  be  used  in  cars,  but  also  for  advanced 
communication  systems.  Beside  this  larger  market  scale 
applications,  high-performance  applications  at  much 
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smaller  market  scale  like  earth  observation  systems  are 
still  emerging.  The  most  relevant  applications  that  can 
benefit  from  InP-based  HEMTs  from  our  point  of 
view  are  the  following: 

3.  Wireless  access  applications 

Microwave  radio  links  play  an  important  role  in  tel¬ 
ecommunications  as  well  as  in  cellar  and  other  net¬ 
works  (GSM,  PSTN).  Thus,  microwave  links  are  used 
for  radio  links  between  L-  and  V-Band  in  long-haul 
transmission  for  interchange  carrier  networks,  utility 
communication  networks,  local  exchanges  and  several 
private  networks.  The  fastest  growth  is  foreseen  in 
short-haul  links  such  as  between  base  station  and  con¬ 
troller  in  mobile  telephone  networks  or  between  build¬ 
ings  in  local  area  networks.  In  these  systems  the  higher 
frequencies  are  being  used  i.e.  38  and  55  GHz.  Point- 
to-Point  and  Point-to-Multipoint  links  are  allowed  for 
these  higher  frequencies. 

Indoor  local  area  networks  take  advantage  of  higher 
mm-wave  (e.g.  60  GHz)  frequencies  such  as  wide  fre¬ 
quency  band  width  and  ample  number  of  radio  chan¬ 
nels,  small  equipment  size  and  high  sensitive  receivers 
coupled  to  a  very  high  gain  antenna  allow  for  low  out¬ 
put  power  systems. 

Frequencies  in  the  40  GHz-regime  are  used  in  high 
data-rate  wireless  transmission  services  for  information 
transfer  of  video  and  other  multimedia  information. 
One  example  is  MVDS  (Microwave  video  distribution 
system  in  Europe)  at  Q-Band,  which  especially  in  the 
bi-directional  version  is  considered  to  be  an  attractive 
alternative  to  wired  cable  or  satellite  delivery.  In  all 
above  systems  typical  components  required  are  up/ 
down-converters,  transmitters,  receiver  circuits 
(LNAs),  frequency  sources  (oscillators),  power  control 
and  switching  circuits.  First  system  generations  have 
already  been  introduced  or  they  are  in  an  advanced 
development  status.  The  present  experience  with  these 
systems  is  that  with  respect  to  InP-based  HEMTs 
enhancement  is  required  in  manufacturability  and 
noise  figure,  which  allows  alternative  technologies  to 
be  taken  under  consideration  [1].  The  new  broadband 
satellite  programs  such  as  Teledesic  will  also  need 
MMICs  at  20  GHz  and  above.  In  order  to  reduce  the 
power  budget,  low  noise  high  gain  receivers  are 
necessary. 

4.  Automotive  applications 

In  order  to  distinguish  oneself  from  other  competi¬ 
tors,  passenger  comfort  and  passenger  safety  have  been 
and  will  be  the  major  driving  forces  for  the  automotive 
industry  to  consider  innovative  technologies.  In  the 
past,  RF-systems  have  been  technically  interesting,  but 


commercially  not  affordable  for  automotive  appli¬ 
cations.  Nowadays,  due  to  the  dramatic  progress  in 
RF-technology,  including  maturity  of  MMIC  fabrica¬ 
tion  and  module  assembly,  radar  sensors  become 
increasingly  attractive  for  automotive  applications.  The 
technical  advantages  are  obvious;  virtual  enlargement 
of  the  driver’s  visibility  and  hence  passenger’s  safety 
under  adverse  weather-  or  traffic  conditions.  Exact 
measurement  of  distance  and  relative  velocity  of 
objects  adjacent  to  the  car,  even  of  optically  hidden 
objects  in  blind  areas  allow  the  introduction  of  driver 
assistant-systems  into  the  car.  All  over  the  world  car 
manufacturers  are  going  to  introduce  forward  looking 
radars  for  obstacle  warning  or  intelligent  cruse  control 
functions  operating  at  76-77  GHz.  Although  many  of 
the  developed  systems  approaching  market  introduc¬ 
tion  very  soon,  there  still  remain  challenges.  The  most 
pronounced  once  are  low-cost  high-volume  production 
that  forces  the  use  of  MMIC  technology  and  very 
likely  multifunctional  approaches.  From  the  technical 
point  of  view  oscillators  with  high  enough  output 
power  and  sufficiently  low  phase  noise  and  at  the  same 
time  low-noise  receiver  circuits  (e.g.  LNAs)  are 
required. 

In  order  to  make  the  vision  of  autonomous  vehicle  a 
reality,  the  first  step  is  that  future  novel  radar  systems 
will  become  imaging  radars  in  order  to  combine  elec¬ 
tronically  scanned  parallel  beams  with  high  spatial  res¬ 
olution.  This  allows  for  high  image  update  rates  and 
can  be  used  for  real  time  measurements  while  driving 
[2].  These  systems  may  need  much  higher  frequencies 
than  77  GHz.  Higher  frequencies  up  to  at  least  140 
GHz  are  envisaged  for  such  systems  in  order  to 
achieve  higher  resolution,  imaging  capabilities,  smaller 
size  of  the  antenna.  These  applications  will  clearly 
favor  InP-based  components  as  the  technology  of 
choice. 


5.  High  performance  applications 

Typically  satellite-based  sensor-systems  normally 
require  extreme  technical  performance.  Earth  obser¬ 
vation  systems  e.g.  for  mapping  the  cosmic  back¬ 
ground  radiation  or  identification  of  special  species 
(e.g.  oxygen  lines)  consist  of  a  large  number  of  detec¬ 
tion  receivers.  Typically  designed  as  direct  detection 
receivers  operating  in  the  high  frequency  spectrum 
between  30  GHz  up  to  several  100  GHz.  In  order  to 
achieve  the  required  sensitivity  extremely  low-noise 
amplifiers  are  required.  In  some  cases  cooling  of  the 
components  is  foreseen,  which  can  be  used  to  improve 
the  low-noise  performance  of  the  LNA,  which  is  ad¬ 
vantageous  for  use  with  InP-based  HEMTs.  Other  en¬ 
vironmental  observation  systems  use  higher  mm-wave 
frequency  radars,  e.g.  for  cloud  profiling.  These  sys- 
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Fig.  1.  (a)  Power  gain  cut-off  frequency  and  (b)  current  gain  cut-off  frequency  as  a  function  of  gate-length  for  published  HEMT 
devices. 


terns  require  MMICs  with  sufficient  noise-  and  gain- 
margin. 

The  component  which  is  the  key  element  in  all 
above  discussed  systems  and  can  benefit  most  from 
any  kind  of  InP-HEMT  technology  (either  on  InP-  or 
GaAs-substrate)  is  the  LNA. 


6.  Why  InP-based  HEMTs? 

Presently  GaAs  MMICs  or  even  more  discrete 
devices  are  used  for  first  systems  to  be  market-intro¬ 
duced.  MMICs  operating  at  the  above-mentioned  fre- 


Frequency  (GHz)  - ► 

Fig.  2.  Minimum  noise  figure  for  InP-and  GaAs-based 
HEMTs.  Data  is  collected  from  literature  considering  only 
results  from  industrial  research  centers. 


quencies  between  30-140  GHz  will  find  increasing  use 
only  if  they  can  be  manufactured  and  assembled  at 
reasonable  costs.  Thus,  in  order  for  these  systems  to 
be  made  in  low-cost  volumes  in  general  two  ways  are 
possible.  Cost  optimization  of  existing  fabrication 
lines,  which  becomes  difficult  the  more  mature  and 
effective  the  line  is  still  operating.  The  second  way  will 
help  out  of  this  dilemma  is  considering  alternative/sup¬ 
plementary  technologies  which  offer  cost  advantages 
combined  with  the  potential  to  open  the  way  for  new 
functionality  or  new  applications,  e.g.  increased  recei¬ 
ver  sensitivity  and/or  the  use  of  higher  frequencies.  In 
this  respect  InP-based  HEMT  technology  becomes 
attractive  for  (very)  low  noise  and/or  high  gain  ampli¬ 
fiers  with  increasing  relevance  the  higher  the  frequency 
of  operation  is.  With  InP-based  HEMTs  the  lowest 
noise  figures  and  highest  cut-off  frequencies  of  any 
HEMT  device  have  been  achieved  [3-9].  Fig.  1  and  2 
summarize  cut-off  frequencies  and  minimum  noise 
figures  published  in  the  literature  so  far  from  industrial 
research  groups  from  TRW,  Hughes,  Lockheed 
Sanders,  Raytheon,  HP,  NEC  and  Daimler  Chrysler 
for  GaAs  and  InP-HEMT  devices.  From  this  figure 
two  potential  advantageous  of  InP-based  HEMTs 
become  evident. 

First,  performance  advantages.  At  the  same  gate 
geometry  compared  to  GaAs-based  HEMTs  InP-based 
HEMTs  can  either  operate  at  higher  frequencies  or 
offer  higher  gain  and  lower  noise  per  device  at  the 
same  frequency.  Moreover,  they  offer  the  lowest  mini¬ 
mum-noise  figure  possible  for  any  three-terminal 
device.  This  advantage  in  performance  gives  several 
options  to  the  systems  designer.  The  use  of  higher  fre¬ 
quencies  in  new  applications  or  improved  receiver  per¬ 
formance  compared  to  established  technologies,  which 
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Table  1 

Device  performance  of  lattice  matched  InP-based  HEMTs  on 
InP- substrate 


Lg  (pm) 

0.5  A 

0.25  T 

0.20  T 

Gm  (mS/mm) 

600 

700 

900 

iDsmax  (mA/mm) 

500 

500 

600 

fT  (GHz) 

55 

120 

130 

fmax  (GHz) 

150 

250 

>300 

NFmin  (dB)/f  (GHz) 

1.1/@18 

0.6/@18 

2.3/@60 

Gass  (dB)/f  (GHz) 

13/@18 

1 1/@18 

6/@60 

gives  several  options  with  respect  to  the  layout  of  the 
rf-system. 

Second,  cost  advantage.  For  a  given  application, 
InP-based  HEMTs  offer  the  same  gain,  noise  and  high 
speed-performance  at  larger  gate-geometry.  This  gives 
the  opportunity  of  using  0.25  pm  InP-based  HEMTs 
instead  of  using  0.15  pm  GaAs-devices.  This  in  turn 
could  mean  using  easier  and  lower  cost  stepper- 
instead  of  e-beam  lithography  combined  with  higher 
yield  for  the  larger  geometry.  Another  advantage, 
which  can  be  deduced  from  this  consideration,  is 
reduced  MMIC  area-consumption  for  amplifier  func¬ 
tions  e.g.  of  a  LNA.  Two  examples:  For  the  identical 
two-stage  V-band  explorative  amplifier  design  we 
achieved  with  InP-based  HEMTs  about  7  dB  higher 
gain  with  the  same  noise  figure  compared  to  the 
Ga As-based  version  [10].  Especially  for  this  application 
the  amplifier  could  be  reduced  by  one  stage,  which  for 
this  type  would  lead  to  a  reduction  of  LNA-MMIC- 
area  of  about  40%.  Another  example,  for  a  LNA 
operating  in  the  MVDS  frequency  range  a  minimum 
noise  figure  of  3.5  dB  with  20  dB  gain  is  required. 


Calculations  show,  that  using  commercially  available 
first  class  GaAs-based  HEMT  devices  (PHEMTs)  a 
four  stage  layout  would  be  required  while  with  our 
InP-based  HEMTs  an  improved  minimum  noise  figure 
of  less  than  2.5  dB  with  20  dB  gain  using  only  a  three 
stage  version  seems  to  be  possible  [11,12].  These  facts 
definitely  have  an  impact  on  cost  and  manufacturabil¬ 
ity  of  key  functions  for  the  above  mentioned  appli¬ 
cations. 

What  kind  of  devices  is  required?  We  have  devel¬ 
oped  a  family  of  HEMT  devices  on  InP  substrates. 
Table  1  summarizes  the  key  parameters  for  our  work¬ 
horse,  a  2  x  40  pm  U-layout  [10-12].  This  data  is  suffi¬ 
cient  for  LNA-designs  for  the  above  mentioned 
applications.  Since  the  gate  length  can  further  be 
reduced  InP-based  devices  offer  potential  for  future 
challenges.  Other  advantages  of  InP-based  HEMTs 
compared  to  their  GaAs-counterparts  are  the  lower 
power  consumption  and  lower  bias  voltages.  For 
example,  the  bias  for  low  noise  is  KDS  =  1  V,  /ds  =  80 
mA/mm,  and  for  high  gain  KDS  =  2.5  V,  7DS  =  250  mA / 
mm. 

While  in  the  past  mostly  microstrip  lines  (MSLs) 
have  been  used  in  MMICs  as  the  transmission  media, 
coplanar  waveguides  (CPWs)  are  now  becoming  an 
interesting  alternative  due  to  the  dramatic  advantages 
with  respect  to  MMIC-fabrication  (no  substrate  thin¬ 
ning,  no  via  holes,  no  backside  metallization  hence 
much  faster  through-put)  and  design  simplicity. 
Moreover,  they  show  better  electrical  behavior  (lower 
grounding  parasitics,  lower  dispersion).  Figs.  3  and  4 
show  some  examples  of  low  noise  amplifier  MMICs 
realized  using  CPW  technology  and  LG  =  0.25  pm  InP- 
HEMTs  from  Daimler-Chrysler  [10-12].  For  the  77 
GHz-amplifier  a  minimum  noise  figure  of  NF  =  5  dB 
and  a  gain  of  15  dB  have  been  measured  (Fig.  3).  For 
the  broad  band  amplifier  a  minimum  noise  figure  of 


Fig.  3.  3-stage  amplifier  for  77  GHz  operation  using  0.25  pm  InP-HEMTs.  NF  =  5.8  dB,  Ga=  15  dB. 
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Fig.  4.  4-stage  amplifier  for  80-100  GHz  operation  using  0.25pm  InP-HEMTs.  NF  =  7  dB,  Ga-3  dB. 


NF  =  7  dB  with  15  dB  gain  within  a  3  dB  bandwidth 
of  80-100  GHz  was  measured.  Biased  for  maximum 
gain,  the  amplifier  achieved  19  dB. 

Another  function  that  could  benefit  from  InP-based 
HEMTs  is  signal  pathing.  Concerning  signal-pathing 
one  finds  different  approaches  like  circulators  or 
switches.  Using  our  InP-based  HEMTs  as  quasi-active 
circulators  is  an  interesting  approach  for  fast  signal 
pathing.  At  Ka-band  we  have  realized  an  active  circu¬ 
lator  using  InP-HEMTs  with  an  insertion  loss  of  5  dB 
and  an  isolation  of  -30  dB  which  was  about  7  dB  in 
isolation  compared  their  GaAs  counterparts.  The 
reason  is  the  drastically  lower  feedback  capacitance 
CGd  by  a  factor  of  more  than  two  [13]. 


7.  Outlook  and  summary 

Possible  issues  against  a  widely  spread  introduction 
of  InP-HEMT  on  InP  substrate  for  production  are  the 
following:  higher  breakage  of  5-10%  for  GaAs  and 
smaller  wafer  size  which  has  a  direct  impact  on  manu¬ 
facturing  efficiency  and  presently  higher  substrate  costs 
of  InP  substrates.  All  issues  are  related  to  the  InP-sub- 
strate.  In  the  future  these  problems  will  certainly 
become  solved  with  reference  to  cost  and  wafer  size 
along  with  the  development  of  the  InP-substrate  mar¬ 
ket  driven  by  the  optoelectronic  market.  On  the  other 
hand,  re-engineering  of  the  HEMT’s  layer  structure 
allows  thinner  buffer  layers  and  hence  cheaper  epitaxial 
wafers  [10-12]. 

Another  approach  is  to  move  from  InP-  to  GaAs- 
substrate  (metamorphic  approach)  while  maintaining 
the  device  electron  physics  and  hence  device  perform¬ 
ance  [14].  Our  own  first  experiments  also  support  the 
experience  reported  in  the  open  literature  that  InP- 
based  HEMTs  on  GaAs-substrate  show  the  same  high 
speed  performance  as  HEMTs  with  the  same  active 
layer  structure  on  InP-substrate.  Up  to  now  it  is  not 


fully  answered  whether  the  same  is  true  for  all  the 
other  performances  like  e.g.  power  performance. 

As  mentioned  above,  the  multifunctional  approach 
will  become  relevant  the  more  cost  issues  are  of  domi¬ 
nant  concern.  In  order  to  allow  the  use  of  InP-based 
HEMTs  in  multifunctional  MMICs,  we  presently 
evaluate  the  concept  of  heterointegration.  A  vertical 
non-planar  technique  allows  the  integration  of  different 
types  of  devices  with  different  layer  structures  [15]. 
With  this  technique  it  will  be  possible  to  integrate 
metamorphic  HEMTs  and/or  other  InP-based  func¬ 
tions  via  metamorphic  technique  with  other  standard 
GaAs  functions  on  one  chip. 

The  progress  in  both  fields  in  the  near  future  will 
decide  which  technology  will  make  the  race,  but  it  is 
no  doubt  that  one  of  both  has  to  be  considered  for 
future  systems. 
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Abstract 

Key  technologies  for  achieving  high-speed  IC  modules  for  40-Gb/s  optical  communication  systems  are 
summarized.  Not  only  the  development  of  high-speed  devices,  but  also  circuit  and  packaging  designs  are  important 
to  fully  utilize  high-speed  transistor  performance.  By  adopting  a  distributed  amplifier  circuit  design,  and  high-speed 
package  including  newly  designed,  low  reflection  50  Q.  RF  signal  lines,  high-performance  IC  modules  were 
developed.  A  high-sensitivity  40-Gb/s  optical  receiver  was  fabricated  with  GaAs  HBT  ICs.  An  optical  frontend, 
which  consists  of  a  waveguide  pin-photodiode  and  HBT  preamplifier  IC,  exhibited  a  transimpedance  gain  of  43  dB 
Q  and  a  bandwidth  31  GHz.  For  a  distributed  amplifier  IC  module,  a  9-dB  gain  and  a  39-GHz  bandwidth  were 
obtained.  A  D-type  flip-flop  IC  module  was  also  developed  which  acts  as  a  demultiplexer  for  a  40-Gb/s  signal.  A 
high  receiver  sensitivity  of  -28.2  dBm  was  obtained  for  a  40-Gb/s  optical  return-to-zero  (RZ)  signal.  ©  1999 
Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

As  multimedia  services  become  more  sophisticated, 
there  is  an  increasing  demand  for  greater  transmission 
capacity.  High-speed  optical  fiber  communication  sys¬ 
tems  are  being  intensively  developed  to  cope  with  these 
demands.  A  40-Gb/s  system  is  one  research  target  and 
some  experimental  results  have  already  been  reported 
in  this  area,  with  the  straightforward  electrical  time 
division  multiplexing  (ETDM)  approaches  [1-5].  At 
these  very  high  speeds,  technologies  that  make  full  use 
of  device  performance  are  desired.  This  paper  intro¬ 
duces  the  key  technologies  for  obtaining  high-perform¬ 
ance  high-speed  IC  modules,  such  as  (1)  the 
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development  of  a  high-speed  transistor,  (2)  broadband, 
flat-gain  IC  design,  and  (3)  high-speed  package  design 
with  optimized  internal  radio  frequency  (RF)  signal 
lines.  By  adopting  these  technologies,  the  high-per¬ 
formance  40-Gb/s  AlGaAs/InGaAs  hetero-bipolar 
transistor  (HBT)  IC  modules,  such  as  an  optical  fron¬ 
tend  module,  a  distributed  amplifier  module,  and  a  D- 
type  flip-flop  (D-F/F)  module,  have  been  developed. 
High-sensitivity  characteristics  of  the  40-Gb/s  receiver, 
using  these  modules,  are  also  reported. 


2.  AlGaAs/InGaAs  HBT 

The  ICs  were  fabricated  using  AlGaAs/InGaAs 
HBT  with  p+  regrown  extrinsic  base  layers  [6].  A 
heavily  C-doped  (2  x  1020  cm-3)  p  +  -GaAs  layer  was 
regrown  in  the  extrinsic  base  regions  to  reduce  the 
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base  contact  resistance.  The  measured  peaks  of  the  cut¬ 
off  frequency  (/T)  and  the  maximum  oscillation  fre¬ 
quency  (,/^ax)  for  the  1.6  pm  x  4.6  pm  emitter  are  110 
and  270  GHz  at  a  collector-to-emitter  bias  voltage  of 
2  V.  The  transistor  was  specially  designed  for  optical 
communications  so  it  would  simultaneously  have  high¬ 
speed  operation  (large  /T)  and  large  output  (high  cur¬ 
rent  density)  characteristics. 


3.  IC  design  for  high-speed  operation 

It  is  known  that  the  transistor  cutoff  frequency  /T 
must  be  three  to  four  times  greater  than  the  operating 
bit  rate  for  broadband  analog  circuits  (baseband 
amplifiers)  and  some  digital  circuits  (such  as  D-F/Fs) 
[7].  Because  the  fT  obtained  so  far  is  around  100  GHz, 
there  is  a  need  for  a  circuit  design  that  offers  broader 
bandwidth  operation  for  40-Gb/s  systems  and  beyond. 
As  shown  in  Fig.  1,  a  distributed  amplifier  [8]  is  one  of 
the  attractive  circuit  configurations  for  extending  the 
analog  circuit  bandwidth.  In  our  distributed  amplifier 
circuit  design,  in  order  to  obtain  a  flat  response  from 
almost  DC  to  40  GHz,  frequency  dependent  termin¬ 
ations  [9]  were  applied  in  both  the  input  and  output 
transmission  lines,  as  shown  in  Fig.  2.  They  prevent 
the  degradation  in  gain  characteristics  (flatness  and 
bandwidth)  due  to  the  mismatching  between  the  trans¬ 
mission  line  and  the  termination  load  at  high  fre¬ 
quency.  The  frequency  dependent  termination  consists 
of  a  capacitance  and  a  resistor  in  parallel,  designed  so 
as  to  have  a  frequency  dependence  that  is  matched  to 
the  transmission  line  characteristic  impedance.  Stubs 
were  inserted  in  both  transmission  lines  as  the  tuning 
elements.  Simulated  S2i  characteristics  with  and  with¬ 
out  the  frequency  dependent  termination  for  a  two- 
stage  distributed  amplifier  are  shown  in  Fig.  3.  By  hav- 


Fig.  1.  Bandwidth  expansion  by  distributed  amplifier  configur¬ 
ation. 


Frequency  dependent  termination 


Fig.  2.  Distributed  amplifier  circuit  with  frequency  dependent 
terminations. 


ing  a  matching  in  the  high-frequency  region,  a  broader 
bandwidth  was  achieved.  It  also  contributes  to  having 
a  flat  response  in  the  signal  band.  Moreover,  in  order 
to  obtain  a  good  performance  after  packaging,  the 
effect  of  the  outer  bonding  wires  was  taken  into 
account  when  the  circuit  was  being  designed. 

Using  the  AlGaAs/InGaAs  HBTs,  2-stage  and  3- 
stage  distributed  amplifiers  were  designed  and  comple¬ 
tely  packaged  as  shown  in  Fig.  4.  Measured  S21 
characteristics  at  the  connector  interfaces  are  shown  in 
Figs.  5  and  6.  A  6-dB  gain  and  a  44-GHz  bandwidth 
(2-stage  amplifier  module),  and  a  9-dB  gain  and  a  39- 
GHz  bandwidth  (3-stage  amplifier  module)  were 
obtained.  The  module  performance  is  in  good  agree¬ 
ment  with  the  characteristics  of  the  IC  itself  (measured 
by  RF  probes),  which  indicates  that  the  degradation 
caused  by  module  elements  was  sufficiently  suppressed 
by  the  appropriate  circuit  design. 


Fig.  3.  Frequency  response  improvement  for  a  2-stage  distrib¬ 
uted  amplifier  by  adopting  frequency  dependent  terminations 
(simulation). 
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Fig.  4.  Package  configuration  for  the  distributed  amplifiers. 


Frequency  (GHz) 


Fig.  5.  Measured  52 1  characteristics  for  a  2-stage  distributed 
amplifier. 


Frequency  (GHz) 


4.  Package  design 

In  order  to  take  full  advantage  of  the  performance 
of  the  high-speed  IC  chips,  the  package  must  be 
designed  with  care.  The  cavity  influence  must  be  taken 
into  account  in  the  three-dimensional  package  design. 
The  RF  signal  feed  line  must  also  be  designed  so  that 
a  high-speed  signal  can  be  output  without  degradation. 
It  is  important  to  consider  both  interfaces  of  the  IC 
side  and  the  connector  side  so  as  to  have  a  much  bet¬ 
ter  impedance  matching.  For  the  IC  side,  a  conductor 
backed  coplanar  waveguide  (CBCPW)  was  suitable, 
because: 

•  A  50  Q  line  having  an  arbitrary  signal  line  width 
can  be  designed  without  considering  the  substrate 
thickness. 

•  IC  surface  ground  can  be  tightly  connected  to  the 
module  common  ground  via  a  CBCPW  surface 
ground. 

For  a  connector  side,  a  microstrip  line  is  selected, 
because: 

•  The  frequency  response  of  the  module  is  less  sensi¬ 
tive  to  any  gap  inside  the  package. 

Considering  these  facts,  a  50  Q  line  with  a  section 
which  transforms  CBCPW  into  a  microstrip  line  was 
designed  by  the  two-dimensional  electromagnetic 
analysis,  as  shown  in  Fig.  7.  A  broad  bandwidth  and  a 
low  reflection  of  less  than  — 20dB  was  obtained,  show¬ 
ing  much  better  reflection  characteristics  compared 
with  the  all-microstrip  line  approach.  This  RF  signal 
line  is  suitable  for  40  Gb/s  and  above. 


Fig.  6.  Measured  52i  characteristics  for  a  3-stage  distributed 
amplifier. 
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Fig.  7.  Design  and  characteristics  of  RF  signal  lines:  (a)  the  microstrip  line  approach;  (b)  the  proposed  transformational  line. 


5.  Optical  frontend  design 

For  optical  transmitters  and  receivers,  circuit  and 
module  designs  must  be  conducted  considering  optical 
device  characteristics.  For  the  receiver,  transimpedance 
performance  must  be  optimized  with  a  photodetector 
(PD),  which  basically  acts  as  a  current  source  with 
stray  capacitance.  A  good  connection  between  the  PD 
and  IC  is  one  of  the  most  important  issues.  A  short 
bonding  wire  may  still  be  suitable  for  40-Gb/s  oper¬ 
ation. 

Using  the  S  parameters  of  a  preamplifier  IC 
obtained  by  RF  probe  measurements,  the  overall  fron¬ 
tend  frequency  response  was  simulated  against  the 
bonding-wire  inductance.  The  simulation  results  are 
shown  in  Fig.  8.  They  indicate  that  the  bandwidth 


Fig.  8.  Simulated  frequency  response  of  the  optical  frontend, 
taking  into  account  the  influence  of  the  bonding  wire  between 
PD  and  IC. 


broadens  with  the  increase  of  wire  inductance. 
However,  the  gain  peaking,  which  may  degrade  the  sig¬ 
nal  waveform,  also  increases  gradually.  Assuming  that 
gain  peaking  of  less  than  1  dB  is  acceptable  for  keep¬ 
ing  a  good  signal  waveform,  the  bonding-wire  induc¬ 
tance  must  be  less  than  0. 1  nH.  For  this,  a  wire  length 
of  less  than  130  pm  is  required,  which  is  possible  with 
proper  packaging  design. 

The  optical  frontend  module  was  fabricated  using  a 
waveguide  pin  photodiode  (PD)  [10]  and  a  transimpe¬ 
dance-type  GaAs-HBT  amplifier  IC  [11].  The  wave¬ 
guide  pin  PD  has  waveguide  width  of  6  pm,  the 
waveguide  length  of  6  pm  and  optical  absorption  layer 
is  0.4-pm  thick.  It  has  the  junction  capacitance  of  30 
fF  and  series  resistance  of  40  Q,  and  is  providing  band¬ 
width  of  41  GHz  at  the  50  Q  termination. 

The  frequency  response  of  the  fabricated  optical 
frontend  was  measured  by  using  an  optical  heterodyne 


Fig.  9.  Frequency  response  of  the  optical  frontend  module. 
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Fig.  10.  Configuration  of  the  developed  40-Gb/s  optical  receiver. 


method,  which  uses  two  laser  diodes  to  create  a  RF 
signal  for  bandwidth  measurement,  as  follows.  By 
receiving  two  beams,  RF  signal,  corresponding  to  the 
optical  frequency  difference  of  the  two  laser  diodes,  is 
created  through  detection  process.  By  changing  the  fre¬ 
quency  difference,  frequency  response  of  the  optical 
frontend  can  be  measured  including  the  PD  character¬ 
istics.  The  result  is  shown  in  Fig.  9.  Input  light  was 
injected  into  the  waveguide  pin-PD  using  a  tapered 
optical  fiber.  Quantum  efficiency  was  40%.  The  fron¬ 
tend  exhibits  a  43-dB  Q  transimpedance  gain,  31 -GHz 
bandwidth,  and  a  flat  response  from  DC  to  25  GHz.  A 
good  eye-opening  was  obtained  for  the  input  photocur¬ 
rent  up  to  2.0  mAp.p,  and  a  maximum  output  voltage 
amplitude  of  200  mVp.p  was  obtained. 


(a)  Optical  input  waveform 


(c)  Distributed  amplifier  output 
(after  3*~stage  amplifier) 


6.  40-Gb/s  optical  receiver  performance 

A  40-Gb/s  optical  receiver  was  constructed  as  shown 
in  Fig.  10.  The  optical  receiver  consists  of  an  optical 
preamplifier,  the  optical  frontend,  the  base -band  ampli¬ 
fiers,  and  demultiplexers.  An  optical  preamplifier  con¬ 
sists  of  an  EDFA  and  an  optical  filter  and  has  a  noise 
figure  of  3.9  dB  and  a  1.5-nm  bandwidth.  This  ampli¬ 
fies  the  optical-signal  level  high  enough  to  achieve  high 
receiver  sensitivity  even  with  the  relatively  low-transim¬ 
pedance  optical  frontend  circuit.  In  the  baseband 
amplifier  section,  the  2-stage  distributed  amplifier  was 
placed  before  the  3-stage  amplifier  to  obtain  both 
broadband  characteristic  and  high  voltage  output.  The 
demultiplexer  consisted  of  40-Gb/s  1:2  demultiplexer 


(b)  Frontend  outout 


(d)  1:2DEMUX  output 


Fig.  11.  Waveforms  in  the  40-Gb/s  receiver. 
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Average  received  power  (dBm) 

Fig.  12.  Receiver  sensitivity  characteristics  of  the  40-Gb/s 
optical  receiver. 

using  GaAs  HBT  and  two  20-Gb/s  1:2  demultiplexers 
using  SiGe  HBT.  The  40-Gb/s  1:2  demultiplexer  was  a 
simple  static  D-type  flip-flop  IC  module.  It  worked  as 
a  selection  switch  with  a  20-GHz  clock  signal.  Thus 
the  performance  of  four  10-Gb/s  channels  was  evalu¬ 
ated  in  order  by  changing  the  clock  phase. 

The  frequency  response  of  the  receiver  was  measured 
at  the  output  of  amplifier  section  by  using  the  optical 
heterodyne  method.  A  24.5-GHz  bandwidth  with  flat 
response  was  obtained. 

Signal  waveforms  and  receiver  sensitivity  for  a  40- 
Gb/s  return-to-zero  (RZ)  optical  pulse  train  was 
measured.  Fig.  ll(a)-(d)  shows  the  waveforms  for  var¬ 
ious  receiver  positions.  After  the  distributed  amplifier, 
a  clear  eye-opening  was  obtained  and  the  output  vol¬ 
tage  was  as  large  as  800  mVp_p  for  40  Gb/s.  The  reason 
why  the  output  waveform  seems  like  a  non-return-to- 
zero  (NRZ)  signal  is  because  the  bandwidth  of  the 
receiver  is  about  60%  of  the  bit-rate.  The  40-Gb/s  sig¬ 
nal  was  successfully  demultiplexed  into  two  20-Gb/s 
signals  as  shown  in  Fig.  11(d). 

Fig.  12  shows  the  receiver  sensitivity  characteristics 
for  four  demultiplexed  10-Gb/s  channels  which  had  27- 
1  pseudo  random  bit  sequences.  The  sensitivity  for  the 
10  9  bit  error  rate  was  —28.2  dBm  with  maximum 
difference  of  only  0.2  dB.  This  high  receiver  sensitivity 
was  achieved  by  the  flat  frequency  response  of  the 
entire  receiver. 


7.  Conclusion 

Practical  technologies  are  being  developed  so  that 
packaged  high-speed  IC  modules  can  operate  at  the 
speed  of  IC  itself.  The  IC  design,  which  includes  the 
influence  of  all  module  elements,  resulted  in  the  broad 
bandwidth  and  flat  frequency  responses  after  packa¬ 
ging.  Optimum  design  of  the  RF  signal  lines  in  the 
module  also  contributes  to  the  development  of  broad 
bandwidth  and  low  reflection  modules.  Based  on  these 
design  concepts,  high-performance,  high-speed  IC 
modules  for  optical  frontend,  distributed  amplifiers, 
and  D-F/Fs  are  obtained.  The  40-Gb/s  optical  receiver 
with  these  IC  modules  exhibited  a  high  receiver  sensi¬ 
tivity  of  -28.2  dBm  for  a  40-Gb/s  optical  RZ  signal, 
confirming  the  feasibility  of  the  developed  technol¬ 
ogies.  These  technological  advances  will  accelerate  the 
deployment  of  ultrahigh-speed  optical  communication 
for  next-generation  multimedia  networks. 
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Abstract 

An  ultra-high-speed  selective-epitaxial-growth  (SEG)  SiGe-base  heterojunction  bipolar  transistor  (HBT)  with  self- 
aligned  stacked  metal/in-situ  doped  poly-Si  (IDP)  (referred  to  as  SMI)  electrodes  has  been  developed.  A  0.54-pm- 
wide  SiGe  base  self-aligned  to  the  0.14-pm-wide  emitter,  which  reduces  collector  capacitance,  was  selectively  grown 
by  using  a  UHV/CVD  system.  SMI  electrode  technology,  which  enables  low  parasitic  resistance,  allows  the  intrinsic 
base  profile  to  be  kept  shallow,  so  it  is  well  suited  to  a  SiGe-base  HBT.  A  2-pm-wide  BPSG/SiCL  refilled  trench  was 
introduced  to  reduce  substrate  capacitance  by  reducing  its  sidewall  element.  This  makes  it  possible  to  obtain  a  95- 
GHz  cut-off  frequency  and  ultra-high-speed  emitter-coupled-logic  (ECL)  circuit  with  an  8.0-ps  gate-delay.  As 
applications  for  these  SiGe  HBTs,  various  ICs  for  optical -fiber-link  systems  have  been  developed.  These  include  a  1/ 
8  static  frequency  divider  with  a  maximum  operating  frequency  of  up  to  50  GHz,  a  time-division  multiplexer  and  a 
demultiplexer  operating  at  40  Gb/s,  a  preamplifier  with  a  bandwidth  of  35  GHz,  an  AGC  amplifier  core  with  a 
bandwidth  of  32  GHz,  and  a  decision  circuit  operating  at  40  Gb/s.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

Ultra-high-speed  monolithic  ICs  will  be  key  com¬ 
ponents  in  future  optical-fiber  communication  systems 
that  operate  at  over  10  Gb/s.  Thus,  ultra-high-speed 
transistors  are  needed  and  the  feasibility  of  silicon 
bipolar  technology  that  can  operate  at  20  or  40  Gb/s, 
has  been  investigated  [1-3].  A  SiGe-base  bipolar  tran¬ 
sistor  is  a  very  attractive  candidate  to  achieve  a  fast 
base  transit  time,  and  a  below- 15-ps  emitter-coupled- 
logic  (ECL)  gate-delay  [4,5]  and  a  cut-off  frequency  of 
over  100  GHz  [6,7]  have  been  reported.  To  provide 
ultra-high-speed  operation  for  40-Gb/s  systems,  how¬ 
ever,  low  parasitic  capacitance  and  low  parasitic  resist¬ 
ance  must  be  achieved  simultaneously.  Pure  Si  bipolar 
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transistors  with  a  self-aligned  stacked  metal/in-situ 
doped  poly-Si  (IDP)  base  electrode  provide  both  low 
base  resistance  and  low  collector  capacitance.  In  this 
way,  high-speed  circuits  (for  example,  a  12-ps-delay 
ECL  gate  and  a  45 -GHz  dynamic  frequency  divider) 
have  been  obtained  even  in  an  implanted  base  [8,9]. 
Both  technologies  are  very  suitable  for  obtaining  high¬ 
speed  performance;  however,  each  standing  alone  is 
not  sufficient  to  provide  ultra-high-speed  operation. 
This  is  because  faster  base  transit  time,  lower  base  re¬ 
sistance,  and  lower  parasitic  capacitance  need  to  be 
achieved  simultaneously  to  improve  the  operating 
speed  of  analog  and  digital  circuits. 

To  achieve  this,  a  selective-epitaxial-growth  (SEG) 
SiGe-base  HBT  with  self-aligned  stacked  metal/in-situ 
doped  poly-Si  (SMI)  electrodes  has  been  developed 
[10,11].  In  this  HBT,  a  narrow  graded-Ge-profile  base 
fully  self-aligned  to  the  emitter  provides  a  low  collector 
capacitance.  With  SMI  technology,  tungsten  films  can 
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be  selectively  deposited  on  all  poly-Si  electrodes  in  a 
self-aligned  manner  and  only  emitter  drive-in  annealing 
is  required  after  the  SiGe-base  formation.  This  means 
the  intrinsic-base  profile  can  be  kept  shallow. 
Furthermore,  a  2-fim-wide  BPSG  (borophosphosilicate 
glass)/Si02  refilled  trench  was  introduced  to  reduce  the 
substrate  capacitance.  The  low  dielectric  constant  of 
BPSG/Si02  and  the  wide  trench  effectively  reduce  the 
sidewall  element  of  the  substrate  capacitance.  As  a 
result,  ultra-high-speed  with  a  95-GHz  cut-off  fre¬ 
quency  and  an  ECL-gate-delay  of  8  ps  was  achieved. 
Furthermore,  as  an  application  for  these  HBTs,  ICs 
for  optical-fiber-link  systems  that  include  a  1/8  static 
frequency  divider  with  a  maximum  operating  fre¬ 
quency  of  up  to  50  GHz,  a  time-division  multiplexer 
and  a  demultiplexer  operating  at  40  Gb/s,  a  preampli¬ 
fier  with  a  bandwidth  of  35  GHz,  an  AGC  amplifier 
core  with  a  bandwidth  of  32  GHz,  and  a  decision  cir¬ 
cuit  operating  at  40  Gb/s,  have  been  developed. 


2.  Device  structure  and  fabrication  process 

A  schematic  cross-sectional  view  of  an  SEG  SiGe- 
base  HBT  with  SMI  electrodes  is  shown  in  Fig.  1.  To 
enable  high  speed,  there  are  three  key  features  in  this 
transistor.  First,  to  reduce  the  parasitic  resistance  of 
the  base,  emitter,  and  collector,  tungsten  films  were 
selectively  stacked  in  a  self-aligned  manner  on  in-situ 
boron-doped  poly-Si  (IBDP)  as  the  base  electrode  and 
on  in-situ  phosphorous-doped  poly-Si  (IPDP)  as  the 
emitter  and  collector  electrodes.  Especially  in  the  case 
of  the  narrow  emitter,  a  metal  film  deposited  at  the 
bottom  of  the  emitter  poly-Si  effectively  reduces  the 
emitter  resistance.  This  area  is  shown  by  the  SEM  and 


1  (xm 


Base  Emitter 


Trench 


Fig.  2.  An  SEM  cross-section  of  the  main  region  of  the  SEG 
SiGe-base  HBT.  The  emitter  is  0.14  pm  wide. 


schematic  cross-sections  of  the  main  region  in  Fig.  2. 
The  sheet  resistance  of  the  base  electrode  made  from  a 
tungsten/IBDP  film  was  only  2  Q/Q  which  is  about  1/ 
50  that  of  a  p+  poly-Si  film  of  the  same  thickness.  The 
contact  resistance  between  the  tungsten  and  IBDP  was 
20  Q-pm2.  The  base  resistance  can  therefore  be  effec¬ 
tively  reduced. 


Base  Emitter  Collector 


Fig.  1.  A  schematic  cross-sectional  view  of  an  SEG  SiGe-base  HBT  with  SMI  electrodes  and  a  BPSG/Si02  refilled  trench. 
Tungsten  films  were  selectively  stacked  in  a  self-aligned  manner  on  in-situ  boron-doped  poly-Si  (IBDP)  as  the  base  electrode  and 
on  in-situ  phosphorous-doped  poly-Si  (IPDP)  as  the  emitter  and  collector  electrodes. 
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Second,  a  2-pm-wide  and  4-pm-deep  BPSG/Si02 
refilled  trench  was  introduced  to  reduce  the  substrate 
capacitance.  (A  wider  trench  can  be  used  in  the  case  of 
relatively  low-integration  ICs  to  obtain  high-speed  op¬ 
eration).  This  trench  was  filled  with  both  CVD-Si02 
formed  at  the  sidewall  and  BPSG  formed  through 
reflow  by  annealing  and  etch  back  by  a  wet-etch  pro¬ 
cess.  The  low  dielectric  constant  of  BPSG/Si02  and  the 
wide  trench  reduces  the  substrate  capacitance,  es¬ 
pecially  that  of  the  sidewall  element.  The  effect  of  the 
wide  BPSG/Si02  refilled  trench  on  substrate  capaci¬ 
tance  is  shown  in  Fig.  3.  With  a  conventional  0.6-pm- 
wide  poly-Si/Si02  refilled  trench,  the  substrate  capaci¬ 
tance  was  3.8  fF  at  zero  bias  and  reached  a  minimum 
of  3.3  fF  at  a  reverse  bias  voltage  of  about  2  V.  These 
capacitance  values  are  a  result  of  the  high  sidewall  ca¬ 
pacitance  of  0.21  fF/pm  caused  by  the  narrow  trench 
and  the  high  dielectric  constant  of  poly-Si  (about  three 
times  that  of  Si02).  On  the  other  hand,  in  the  case  of 
the  2-pm-wide  BPSG/Si02  refilled  trench,  the  substrate 
capacitance  was  1.5  fF  at  zero  bias  and  fell  to  a  mini¬ 
mum  of  only  0.6  fF.  Here,  the  sidewall  capacitance 
was  decreased  to  0.027  fF/pm,  which  was  about  13% 
of  the  conventional  value. 

Last,  to  obtain  both  a  high  cut-off  frequency  and 
low  parasitic  capacitance,  a  SiGe-base  self-aligned  to 
the  emitter  was  applied.  A  schematic  cross-section  of 
the  intrinsic  SEG  Si/SiGe  base  is  shown  in  Fig.  4.  The 
process  steps  for  fabricating  the  self-aligned  SiGe  base 
structure  were  as  follows.  After  a  0.15-pm-thick  epitax¬ 
ial  layer  was  formed,  trench  and  wedge-shape  isolation 
[12],  seven  films  of  thick  CVD-Si02,  undoped  poly-Si, 
thin  Si02,  IBDP,  Si3N4,  thin  poly-Si,  and  thin  Si02 
were  deposited.  The  upper  four  films  for  the  emitter 
area  were  patterned,  then  an  80-nm-thick  CVD— Si02 
side-spacer  to  isolate  the  emitter  from  the  base  was 


Fig.  3.  The  effect  of  a  2-pm-wide  BPSG/SiCP-refilled  trench 
on  the  substrate  capacitance  compared  with  that  of  a  conven¬ 
tional  0.6-pm-wide  poly-Si/Si02  refilled  trench. 
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Fig.  4.  A  schematic  cross-section  of  the  intrinsic  SEG  Si/SiGe 
base  just  after  the  SEG  was  finished. 


formed.  After  the  lower  three  films  were  etched  off,  the 
wafer  was  inserted  in  a  UHV/CVD  chamber  and  any 
contamination  on  the  Si  surface  was  removed  by  H2 
cleaning  at  a  partial  H2  pressure  of  1300  Pa  at  850°C 
[13].  The  0.54-pm-wide  SiGe  base  and  the  Si-cap  multi¬ 
layer  self-aligned  to  the  0.14-pm-wide  emitter  were 
selectively  grown  by  using  a  UHV/CVD  system  with 
Si2H6,  GeH4  and  B2H6  at  575°C  for  the  SiGe  and 
600°C  for  the  Si  [14].  The  whole  surface  except  the 
base  area  was  covered  with  Si02,  because  SiGe  was 
grown  selectively  with  respect  to  only  Si02  (Fig.  5). 
The  poly-Si/SiGe  base  contact  formed  simultaneously 
with  the  Si/SiGe  intrinsic  base  was  grown  on  the  buffer 
poly-Si  and  beneath  the  IBDP.  The  intrinsic  SEG  Si/ 
SiGe  base  was  appropriately  connected  with  the  extrin¬ 
sic  IBDP  base  electrode;  this  self-aligned  structure 
reduces  collector  capacitance.  The  buffer  poly-Si 
between  the  IBDP  and  the  single  Si  surface  provides  a 
good  link  between  the  intrinsic  and  extrinsic  bases. 

The  impurity  profile  of  the  intrinsic  region  is  shown 
in  Fig.  6.  The  SEG  layer  consisted  of  a  20-nm-thick  Si 


Fig.  5.  An  SEM  bird’s-eye  view  of  SiGe  selective  growth.  The 
SiGe  layer  was  grown  selectively  with  respect  to  only  Si02. 
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Fig.  6.  Impurity  profile  of  the  intrinsic  region. 


cap,  a  10-nm-thick  two-step-ramped  Ge-profile  (from  0 
to  10%  over  5  nm  and  from  10  to  15%  over  5  nm) 
Sh-vGe.v,  a  40-nm-thick  Si0.85Ge0.i5  layer,  and  a  10- 
nm-thick  Ge-retrograded  Si  j  _AGev  layer.  The  20-nm- 
thick  10I9-cm_3-boron-doped  Sii_vGeA.  layer  formed 
the  intrinsic  base,  which  was  30  nm  wide.  Double 
selective  phosphorous  implantation  in  undoped  SiGe 
and  a  0.15-pm-thick  Si  layer  increased  the  collector¬ 
doping  level  to  about  10 18  cm“3.  The  shallow  emitter 
junction  (20  nm  deep)  was  formed  by  out-diffusion 
from  the  IPDP  into  the  Si  cap  at  900°C  for  30  s. 


3.  HBT  characteristics  and  applications 

The  developed  transistors  exhibit  good  J-V  perform¬ 
ance,  as  shown  by  the  Gummel  plot  in  Fig.  7  and  the 
Ic~Vce  characteristics  in  Fig.  8,  with  an  emitter  area 
of  0.14  x  1.5  pm2.  A  high  current  gain  of  720  with  a 
low  base-recombination  current  of  below  100  pA  was 
obtained.  This  indicates  there  were  no  defects  created 
in  or  relaxation  of  the  strained  Si/SiGe  multilayer 
during  the  thermal  cycle  after  low-temperature  epitax¬ 
ial  growth.  The  high  early  voltage,  VA,  of  more  than 
100  V  at  a  collector  current  of  1  mA  indicates  that  the 
collector  current  was  determined  by  the  drift  field  cre¬ 
ated  by  bandgap  grading.  The  observed  negative  resist¬ 
ance  at  a  higher  collector  current  was  due  to  the  self¬ 
heating  effect,  and  is  a  typical  characteristics  of  a  genu¬ 
ine  emitter/base  heterojunction. 

The  cut-off  frequency  (/T)  and  the  maximum  oscil¬ 
lation  frequency  (/max)  of  the  transistors,  whose  emit¬ 
ter  area  was  0.14  x  1.5  pm2,  were  95  and  97  GHz  at  a 
collector-to-emitter  bias  voltage  of  2  V  and  a  collector 
current  of  2  mA,  respectively  (Fig.  9).  These  attractive 
high-frequency  characteristics  are  attributed  to  the 
well-balanced  transistor  characteristics  —  a  fast  for¬ 
ward  transit  time  of  1.18  ps  and  low  collector  capaci¬ 


Fig.  7.  Gummel  plot  for  a  typical  transistor  with  an  emitter 
area  of  0.14  x  1.5  pm2. 

tance  of  3.6  fF  —  enabled  by  using  the  SEG  SiGe 
base. 

Typical  transistor  characteristics  with  an  emitter 
area  of  0.14  x  1.5  pm2  are  listed  in  Table  1.  The  emit¬ 
ter  resistance  was  50  Q  in  spite  of  a  very  narrow  0.14- 
pm-wide  emitter,  and  this  low  resistance  is  attributed 
to  the  stacked  tungsten/IDP  emitter  electrode. 

The  dependence  of  the  gate-delay  time  on  the 
switching  current  measured  in  45-stage  differential 
ECL  ring  oscillators  with  a  fan-in  and  a  fan-out  of  1 
at  a  single-ended  logic-swing  voltage  of  250  mV  and  a 
supply  voltage  of  3.5  V  is  shown  in  Fig.  10.  The 
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Fig.  8.  IC~V ce  characteristics  for  a  typical  transistor  with  an 
emitter  area  of  0.14  x  1.5  pm2. 
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Collector  Current  (mA) 

Fig.  9.  Cut-off  frequency  (/r)  and  maximum  oscillation  fre¬ 
quency  (/max)  of  the  transistors  with  an  emitter  area  of 
0.14  x  1.5  jam2  as  a  function  of  collector  current. 


Table  I 

Typical  transistor  characteristics  with  an  emitter  area  of 
0.14  x  1.5  pm2 


Ae 

0.14  x  1.5  pm2 

Afe 

720 

BVceo 

2.0  V 

Va 

>100  V 

Re 

50  n 

Rb 

210  Q 

Cjc 

3.6  fF 

Lsub 

0.6  (5  V)  fF 

measured  minimum  gate-delay  time  for  the  transistors 
with  an  emitter  area  of  0.14  x  1.5  pm2  was  8.0  ps  at  a 
switching  current  of  1.5  mA.  This  ultra-fast  perform¬ 
ance  of  the  ECL  gate  was  due  to  the  fully-self-aligned 
SiGe  base  structure  with  a  fast  forward  transit  time 
and  low  collector  capacitance,  the  SMI  electrodes  with 
low  parasitic  resistance,  and  the  BPSG/Si02-refilled 
trench  with  low  substrate  capacitance. 

As  applications  for  these  SiGe  HBTs,  various  ICs 
for  optical-fiber-link  systems  have  been  developed 
(Table  2)  [11,15].  They  include  both  digital  ICs  of  a 
static  frequency  divider  and  a  time-division  multiplexer 


Switching  Current  (mA) 

Fig.  10.  Dependence  of  the  gate-delay  time  on  the  switching 
current  measured  in  45-stage  differential  ECL  ring  oscillators 
with  a  fan-in  and  a  fan-out  of  1  at  a  single-ended  logic  swing 
voltage  of  250  mV  and  a  supply  voltage  of  3.5  V  for  the  tran¬ 
sistors  with  an  emitter  area  of  0.14  x  1.5  pm2. 

(MUX)/demultiplexer  (DEMUX),  and  analog  ICs  of  a 
preamplifier,  an  AGC  amplifier  core  and  a  decision  cir¬ 
cuit.  The  maximum  operating  frequency  of  up  to  50 
GHz  for  a  1/8  static  frequency  divider  is  the  highest 
reported  to  date  for  any  semiconductor  technology.  A 
2:1  time-division  MUX  and  a  1:2  DEMUX  built  from 
basic  circuit  core  modules  operated  at  40  Gb/s.  A 
measured  data  rate  of  40  Gb/s  for  a  MUX  with  a 
DFF  for  retiming  by  a  clock  at  40  GHz  was  achieved 
for  the  first  time.  In  a  preamplifier  with  an  input  stage 
consisting  of  a  common  base  transistor,  a  bandwidth 
of  35  GHz  was  achieved.  In  an  AGC  amplifier  core,  a 
bandwidth  of  about  32  GHz  with  a  dynamic  range  of 
19  dB  was  obtained  by  using  a  transimpedance  ampli¬ 
fier  as  an  active  load  circuit  and  a  peaking  capacitor. 
A  well-opened  eye  diagram  was  obtained  from  a  de¬ 
cision  circuit  with  a  2:1  MUX  to  generate  a  bit  stream 
at  a  data  rate  of  40  Gb/s.  A  block  diagram  of  a  trans¬ 
mitter  and  a  receiver  for  an  optical-fiber-link  com¬ 
munication  system  using  the  fabricated  IC  chipset  is 
shown  in  Fig.  11. 

These  excellent  results  indicate  that  self-aligned 
SiGe-base  HBT  technology,  which  offers  high  re¬ 
liability  and  cost-effectiveness,  will  play  an  important 


Table  2 

ICs  for  optical-fiber  communication  systems  fabricated  by  using  SiGe  HBTs 


Circuit 

Max.  speed/bandwidth 

Remarks 

Multiplexer 

40  Gb/s 

2:1,  40  GHz  DFF 

Preamplifier 

35.1  GHz 

Zt  =  48.7  dB  Q 

AGC  amplifier 

31.6-32.7  GHz 

Dynamic  range  =  19  dB 

Decision  circuit 

40  Gb/s 

Demultiplexer 

40  Gb/s 

1:2,  40  Gb/s  DFF 

Static  frequency  divider 

50  GHz 
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Fig.  11.  A  schematic  block  diagram  of  a  transmitter  and  a  receiver  for  an  optical-fiber-link  communication  system  operating  at 
data  rate  of  40  Gb/s  with  the  fabricated  SiGe  HBT  IC  chipset. 


role  in  future  optical-fiber-link  systems  operating  at  a 
data  rate  of  40  Gb/s  for  global  communications  appli¬ 
cations. 


4.  Summary 

An  ultra-high-speed  selective-epitaxial-growth  SiGe- 
base  HBT  with  self-aligned  stacked  metal/IDP  electro¬ 
des  has  been  developed.  The  SiGe  base,  selectively 
grown  by  using  a  UHV/CVD  system  and  self-aligned 
to  the  0.14-pm-wide  emitter,  provides  low  collector  ca¬ 
pacitance.  SMI  technology  provides  low  parasitic  re¬ 
sistance  and  enables  a  shallow  intrinsic  base  profile,  so 
it  is  well  suited  to  SiGe-base  HBTs.  A  2-jam-wide 
BPSG/Si02  refilled  trench  was  introduced  to  reduce 
the  substrate  capacitance.  This  technology  makes  it 
possible  to  obtain  ultra-high-speed  operation  with  fT 
and  /max  of  close  to  100  GHz  and  an  8-ps  gate-delay 
ECL  circuit.  An  IC  chipset  has  also  been  developed 
that  includes  a  static  frequency  divider  with  the  highest 
maximum  operating  frequency  (up  to  50  GHz)  yet 
reported  for  any  semiconductor  technology,  a  MUX/ 
DEMUX/decision  circuit  operating  at  40  Gb/s,  a  pre¬ 
amplifier  with  a  35-GHz  bandwidth,  and  an  AGC 
amplifier  core  with  a  32-GHz  bandwidth.  These  excel¬ 
lent  results  show  that  Si  bipolar  technology,  which 
offers  high  reliability  and  cost-effectiveness,  will  play 
an  important  role  in  future  40-Gb/s  optical  trans¬ 
mission  systems  for  global  communication. 
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Abstract 

Remarkable  progress  has  been  made  in  practical  use  of  high-speed  heterostructure  device  technologies  for 
communications.  To  further  expand  the  possible  applications,  devices  with  higher  performance  or  able  to  perform 
new  functions  are  going  to  be  key  elements  for  future  transmission  systems.  In  this  article,  the  status  of  high-speed 
integrated  circuits  targeted  for  either  wavelength  division  multiplexing  (WDM)  or  time  division  multiplexing  (TDM) 
is  reviewed.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 


1.  Introduction 

In  the  last  few  years,  the  evolution  of  large  capacity 
optical  networks,  due  to  the  ever  increasing  demand 
for  more  bandwidth,  has  been  basically  progressing  in 
two  directions:  high-speed  time  division  multiplexing 
(TDM)  and  wavelength  division  multiplexing  (WDM). 
In  TDM  systems,  high-speed  optoelectronic  processing 
exists  between  source  and  destination  of  the  optical 
signals.  The  complete  optical  repeater  contains  com¬ 
ponents  that  perform  reshaping,  time  extraction  and 
signal  regeneration  (the  so-called  3R-repeater  for 
reshaping,  retiming  and  regenerating).  In  the  design  of 
such  optical  repeater,  the  optimum  performance 
depends  on  maximising  the  speed  of  each  individual 
circuit,  which  is  primarily  limited  by  the  transistor 
technology  used. 

On  the  other  hand,  WDM  systems  have  become  a 
great  successful  story  for  solving  the  bandwidth 
crunch.  Since  WDM  uses  multiple  channels,  the  sys¬ 
tems  provide  aggregated  speeds  much  higher  than 
those  obtained  for  single  channel  TDM  with  fewer 
demands  on  the  electronic  components.  However, 
while  the  optical  signals  may  propagate  through  either 
ring  or  mesh  network  architectures  without  the  need 


for  optical  repeaters,  there  are  some  limitations  that 
impair  the  ultimate  capacity.  These  impairments  arise 
mainly  from  optical  phenomena,  imposing  a  limitation 
on  the  network  capacity  and  requiring  dispersion  com¬ 
pensation  techniques. 

With  the  development  of  broadband  erbium  doped 
fiber  amplifiers,  simultaneous  amplification  of  both 
high-speed  TDM  and  WDM  signals  are  now  possible. 
So  future  optical  networks  can  be  a  hybrid  mixture  of 
TDM  and  WDM  technologies  with  fiber  dispersion 
management  and  depending  on  the  architecture,  may 
include  interfaces  with  high-speed  cross-connects  or 
electrical  crosspoint  switches. 

This  paper  will  review  the  state-of-the-art  of  inte¬ 
grated  circuit  technologies,  focusing  mainly  on  hetero¬ 
structure  transistors-based  circuits  that  have  potential 
applications  for  TDM  and  WDM  networks. 


2.  System  applications 

The  progress  reported  in  the  last  few  years  on  trans¬ 
mission  systems  beyond  10  Gb/s  capacity  is  shown  in 
Fig.  1.  While  single  channel  transmission  experiments 
have  steadily  reached  longer  distances  and  higher 
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Fig.  1.  Chronology  on  the  progress  of  single  fiber  capacity  from  research  (•)  and  commercial  systems. 


speeds,  multi-channel  carrier  channels  have  demon¬ 
strated  a  total  capacity  beyond  2  Tb/s  using  132  differ¬ 
ent  wavelengths  at  20  Gb/s  per  channel  [1]. 

The  major  advantage  of  wavelength-division  multi¬ 
plexing  (WDM)  is  that  signals  can  propagate  from 
source  to  their  destination  without  optoelectronic  con¬ 
version.  It  is  format  independent  (each  wavelength  in  a 
single  network  may  carry  analog,  digital  or  any  modu¬ 
lation  scheme).  The  capacity  (aggregated  bit-rate)  can 
be  increased  enormously  without  increasing  the  single 
channel  bit-rate  and  can  provide  cost  effective  network 
upgrades.  However,  WDM  uses  signal  propagation  at 
high  optical  power  levels  through  longer  spans,  which 
accumulates  degradation  in  the  transmission.  These 
effects  include  chromatic  dispersion,  fiber  non-linear¬ 
ities,  crosstalk  between  channels,  losses  in  filters,  multi 
path  interference  besides  incorporating  the  features  of 
optical  fiber  amplifiers  (gain  flatness,  noise  figure). 
Another  disadvantage  is  that  transparent  networks 
must  meet  standards  like  number  of  wavelengths,  num¬ 
ber  of  channels  or  even  special  component  [2], 

On  the  other  hand,  in  time  division  multiplexing 
(TDM)  the  optical  signal  travels  the  network  and  is 
electrically  regenerated  after  relatively  short  distances 
(50-60  km).  The  regeneration  with  advanced  digital 
electronic  processing  provides  also  easy  operation, 
maintenance  and  administration  for  the  network. 
Moreover,  the  capacity  of  the  network  is  given  by  the 
operating  speed  of  the  electronics,  which  depends 
directly  on  the  transistor  technology.  TDM  offers  also 
another  possibility  for  traffic  demand  over  a  shared 
network,  since  delay  is  reduced  and  throughput 


increased  for  a  single  channel  when  compared  to  paral¬ 
lel  channels.  However,  the  upgrading  of  TDM-based 
systems  is  not  cost  effective.  Usually  these  systems  are 
referred  as  opaque  due  to  their  nature  of  bringing  the 
signal  from  the  optical  to  the  electrical  domain  before 
the  signals  arrive  at  their  final  destination.  However, 
what  looks  like  a  limitation  actually  is  an  advantage 
considering  that  an  opaque  network  employs  the  best 
technology  available  in  each  component  that  is  added, 
without  any  barrier  to  interconnecting  systems  with 
different  technologies.  Actually,  an  opaque  system  is 
transparent  to  the  adoption  of  new  technologies. 
Eventually  networks  will  have  a  combination  of  TDM 
and  WDM  technologies  with  either  ring  or  mesh-like 
systems  for  flexibility  of  upgrading  and  cost  effective¬ 
ness. 


3.  Multiwavelength  networks 

An  opaque  configurable  network,  displayed  in  Fig. 
2,  has  some  interesting  features  [3].  Although  the  im¬ 
mediate  application  is  for  2.5  Gb/s,  it  can  be  expanded 
easily  to  any  line  rate.  The  core  of  this  architecture 
relies  on  either  electrical  or  optical  switch  with  port 
count  N.  Another  feature  is  the  use  of  numerous 
optoelectronic  converters  (transponders)  that  transform 
long-reach  1.5  pm  WDM  signals  to  inter-office  1.3  pm 
and  vice-versa.  Since  these  transponders  are  bit-rate 
dependent,  they  can  effectively  restore  the  signal  and 
provide  performance  monitoring  at  the  network  man¬ 
agement  layer.  While  at  first  this  scheme  can  be  readily 
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Fig.  2.  Multiwavelength  opaque  crossconnect  network  archi¬ 
tecture. 


implemented  at  2.5  Gb/s,  for  10  Gb/s  operation  it 
would  require  optolectronic  components  and  electrical 
cross  point  switch  upgrades. 

Two  different  laboratories  have  demonstrated  HBT- 
based  electrical  cross  point  switches.  Lowe  [4]  has 
demonstrated  a  16  x  16  cross  point  switch  using  2  pm 
emitter  size  GaAs  HBT  technology  with  a  cut-off  fre¬ 
quency  of  80  GHz.  The  160  Gb/s  aggregate  capacity 
switch  has  a  total  reconfigurable  time  of  4.3  ns  and  a 
data  output  jitter  deviation  of  7.7  ps. 

Also  benefiting  from  the  large-scale  integration  capa¬ 
bility  of  Ga As-based  HBTs,  Pedrotti  et  al  [5]  have 
demonstrated  a  12  x  12-crosspoint  switch.  The  chip, 
totalling  4500  transistors,  operates  at  a  maximum  rate 
of  10  Gb/s  with  a  2.5  ps  jitter  in  the  data  output  for 
single  channel  with  an  increase  of  0.15  to  0.25  ps  per 
added  channel.  The  latter  switch  has  been  used  in  the 
WEST  project  (WDM  with  electronic  switching  tech¬ 
nology),  sponsored  by  the  defence  agency  for  advanced 
research  programs  (DARPA),  for  connection  of  fibers 
handling  up  to  4  separate  wavelength  channels  per 
fiber,  at  maximum  line  rate  of  10  Gb/s  per  channel. 
The  full  data  regeneration  with  retiming  allows  arbi¬ 
trary  reassignment  of  wavelengths  to  the  data  streams. 

Moreover,  the  electronic  approach  in  WDM  archi¬ 
tectures  can  drastically  minimise  the  cumulative  trans¬ 
mission  impairments  in  addition  to  the  performance 
monitoring  and  network  management. 


4.  High-speed  electronics 

For  very  high-speed  transmission  systems  either 
TDM  or  WDM,  electronic  devices  continue  to  have 
some  advantages  over  optical  devices  such  as  smaller 
size,  lower  cost,  higher  reliability  and  higher  function¬ 
ality.  The  state-of-the-art  performance  of  compound 
semiconductor  integrated  circuit  modules  for  optical 
communications  is  summarised  in  Table  1,  [6-22]. 


Basically  two  compound  semiconductor  technologies 
have  been  used  for  those  high-speed  modules:  hetero- 
junction  bipolar  transistors  (HBTs)  and  hetero structure 
field  effect  transistors  (HFETs). 

The  performance  of  heterojunction  bipolar  transis¬ 
tors  (HBTs)  has  steadily  increased  as  a  result  of  the 
maturity  in  the  epitaxial  growth  and  optimisation  of 
the  layer  structures.  For  compound  semiconductor 
based  HBTs,  the  processing  technology  has  evolved 
from  mesa  structure  to  be  like  silicon,  with  reduced 
emitter  widths  in  the  submicron  size  range  [23,24].  Fig. 
3  compares  the  pair  /T//max  for  different  compound 
semiconductor  HBT  technologies  for  emitter  areas 
below  10  pm2.  Notwithstanding  are  the  results  from 
Agrawal,  where  the  combination  of  reduced  parasitic 
capacitances  and  submicron  emitter  widths  in  a  novel 
transferred  substrate  HBT  technology  has  yielded 
maximum  available  /max  of  500  GHz  [1 1].  From  figure 
3,  the  results  from  InGaP-based  HBTs  indicate  that 
the  suppression  of  the  surface  recombination  can  con¬ 
tribute  to  a  more  scalable  technology  [23]. 

In  the  case  of  HFETs,  the  steady  improvement  in 
performance  has  primarily  been  to  the  reduced  gate 
lengths  dimensions.  Fig.  4  displays  the  dependence  of 
current  gain  cut-off  frequency  for  different  FET  tech¬ 
nologies  as  function  of  the  gate  length.  The  departure 
of  the  scalability  at  reduced  dimensions  is  related  to 
short  channel  effects,  which  can  be  minimised  by  the 
use  of  heterostructure.  As  a  matter  of  fact,  InP-based 
HFETs  benefiting  from  the  larger  electron  saturation 
velocity  have  been  reported  with  cut-off  frequency  of 
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Table  1 

High-speed  integrated  circuits  for  optical  communications  in  compound  semiconductor  technologies  for  state-of-the-art  published 
results  over  20  Gb/s 

Circuit  Technology  Operating  speed  Remarks  Reference 


Multiplexer 


Laser  driver 
Amplifier 


Decision  circuit 
Demultiplexer 


Digital  divider 


Clock  recovery 


Pin/preamp 


InP-HBT 

GaAs-HBT 

InP-HFET 

GaAs-HBT 

GaAs-HFET 

InP-HBT 

GaAs-HBT 

InP-HBT 

InP-HFET 

GaAs-HFET 

InP-HFET 

GaAs-HFET 

InP-HBT 

GaAs-HBT 

InP-HFET 

InP-HBT 

InP-HBT 

InP-HFET 

GaAs-HBT 

GaAs-HFET 

InP-HFET 

InP-HBT 

InP-HFET 


20  Gb/s 
40  Gb/s 
80  Gb/s 
20  Gb/s 
29.3  GHz 
30  GHz 
40  GHz 
50  GHz 
90  GHz 
25  Gb/s 
46  Gb/s 
20  Gb/s 
25  Gb/s 
30Gb/s 
40  Gb/s 

39.5  GHz 
44  GHz 

46.5  GHz 
20  Gb/s 
20  Gb/s 
40  Gb/s 
20  Gb/s 
20  Gb/s 


2 

:1 

[6] 

4 

:1 

[7] 

2 

:1 

m 

[28] 

A 

lv=  17  dB 

[9] 

[6] 

A 

lv=  12  dB 

[10] 

A 

tv=  13  dB 

[11] 

A 

lv=  10  dB 

[12] 

[13] 

[14] 

4 

[13] 

1 

2 

[6] 

1 

4 

[15] 

1 

2 

[14,19] 

1 

2 

[6] 

1 

2 

[20] 

1 

2 

[17] 

[15] 

[9,18] 

[19,29] 

- 

17.0  dBm 

[21] 

N/A 

[22] 

over  300  GHz  for  a  50-nm  gate  length  [25]  and  high 
breakdown  voltage  [26]. 

The  design  of  digital  circuits  with  clock  frequencies 
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Fig.  4.  Current  gain  cutoff  frequency  (/T)  as  function  of  gate 
length  for  heterostructure  FETs. 


as  high  as  the  transistor  operating  speed  involve  not 
only  the  optimisation  of  transistor  operating  points, 
but  individual  design  of  all  transistors  in  the  circuit  as 
well  as  the  optimisation  of  on-chip  and  off-chip  wiring. 
There  is  a  trade  off  in  improving  technologies  with 
respect  to  higher  operating  speeds  and  the  breakdown 
voltage.  For  digital  integrated  circuits  with  a  logic 
swing  of  1  V,  a  minimum  of  3  V  is  needed  for  proper 
operation.  However,  this  value  can  increase  consider¬ 
ably  for  circuits  that  require  larger  output  voltage 
swing,  for  example  like  a  laser  or  optical  modulator 
drivers.  Fig.  5  displays  two  figures  of  merit,  current 
gain  cut-off  frequency  (/T)  and  maximum  available 
gain  (/max)  as  function  of  the  breakdown  voltage  for 
the  different  high-speed  technologies. 

Another  fact  in  the  potential  of  these  high-speed 
technologies  is  to  observe  the  circuit  operating  speed 
as  function  of  the  individual  transistor  speed,  given  by 
fr  and  /max  In  the  case  of  bipolar-based  digital  circuits, 
where  emitter  coupled  logic  (ECL)  is  normally  used, 
the  delay  time  of  an  ECL  inverter  varies  as  roughly  to 
2/(l//r+  l//max)>  while  for  source  coupled  FET  logic 
(SCFL),  the  inverter  delay  time  is  proportional  to  the 
inverse  of/r  [27].  As  seen  in  Fig.  6,  the  trend  given  by 
HBT-based  circuits  indicate  that  higher  operating 
speeds  are  possible  to  be  achieved.  As  the  technology 
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ogies  as  function  of  the  breakdown  voltage. 


5.  Conclusions 

The  demand  for  high  performance  modules  in  opti¬ 
cal  communications  will  continue  to  increase  in  the 
near  future.  Devices  that  allow  novel  network  architec¬ 
tures  certainly  will  include  sophisticated  heterostruc¬ 
tures.  Ga  As-based  HBTs  have  already  reached 
medium  scale  of  integration  (MSI)  at  an  aggregated  bit 
rate  of  160  Gb/s.  The  performance  of  InP-based 
HFETs  and  HBTs  will  certainly  be  further  optimised 
with  higher  breakdown  voltages  while  keeping  the 
high-speed  performance.  Practical  aspects  such  as  cost, 
reproducibility  and  reliability  should  be  addressed  in 
order  to  bring  high-speed  technologies  from  research 
to  manufacturing. 
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matures,  better  models  for  the  transistors  and  circuit 
parasitics  will  permit  optimised  circuit  designs.  InP- 
based  transistors  seem  to  be  the  potential  candidates 
for  over  40  Gb/s  operating  speeds  in  circuits. 


Fig.  6.  Relationship  between  operating  speed  of  D-type  flip- 
flop  integrated  circuits  based  on  ECL  inverters  for  bipolar 
transistors  and  SCFL  for  FETs.  The  transistor  figure-of-merit 
is  simply  proportional  to  measured  fx  for  FETs  but  it  varies 
with  2/(/F‘  for  bipolar  transistors  [27]. 
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Abstract 

With  the  growth  of  wireless  and  lightwave  technologies,  heterostructure  electronic  devices  are  commodity  items  in 
the  commercial  marketplace  [Browne  J.  Power-amplifier  MMICs  drive  commercial  circuits.  Microwaves  &  RF, 
1998.  p.  116-24.].  In  particular,  HBTs  are  an  attractive  device  for  handset  power  amplifiers  at  900  MHz  and  1.9 
GHz  for  CDMA  applications  [Lum  E.  GaAs  technology  rides  the  wireless  wave.  Proceedings  of  the  1997  GaAs  IC 
Symposium,  1997.  p.  11-13;  “Rockwell  Ramps  Up”.  Compound  Semiconductor,  May/June  1997.].  At  higher 
frequencies,  both  HBTs  and  p-HEMTs  are  expected  to  dominate  the  marketplace.  For  high-speed  lightwave  circuit 
applications,  heterostructure  based  products  on  the  market  for  OC-48  (2.5  Gb/s)  and  OC-192  (10  Gb/s) 
are  emerging  [http://www.nb.rockwell.eom/platforms/network_access/nahome.html#5.;  http://www.nortel.com/ 
technology /opto /receivers /ptav2.html .] .  Chips  that  operate  at  40  Gb /  have  been  demonstrated  in  a  number  of 
research  laboratories  [Zampardi  PJ,  Pierson  RL,  Runge  K,  Yu  R,  Beccue  SM,  Yu  J,  Wang  KC.  hybrid  digital/ 
microwave  HBTs  for  >30  Gb/s  optical  communications.  IEDM  Technical  Digest,  1995.  p.  803-6;  Swahn  T,  Lewin 
T,  Mokhtari  M,  Tenhunen  H,  Walden  R,  Stanchina  W.  40  Gb/s  3  Volt  InP  HBT  ICs  for  a  fiber  optic  demonstrator 
system.  Proceedings  of  the  1996  GaAs  IC  Symposium,  1996.  p.  125-8;  Suzuki  H,  Watanabe  K,  Ishikawa  K, 
Masuda  H,  Ouchi  K,  Tanoue  T,  Takeyari  R.  InP/InGaAs  HBT  ICs  for  40  Gbit/s  optical  transmission  systems. 
Proceedings  of  the  1997  GaAs  IC  Symposium,  1997.  p.  215-8].  In  addition  to  these  two  markets,  another  area 
where  heterostructure  devices  are  having  significant  impact  is  for  data  conversion  [Walden  RH.  Analog-to  digital 
convertor  technology  comparison.  Proceedings  of  the  1994  GaAs  IC  Symposium,  1994.  p.  217-9;  Poulton  K, 
Knudsen  K,  Corcoran  J,  Wang  KC,  Nubling  RB,  Chang  M-CF,  Asbeck  PM,  Huang  RT.  A  6-b,  4  GSa/s  GaAs 
HBT  ADC.  IEEE  J  Solid-State  Circuits  1995;30:1109-18;  Nary  K,  Nubling  R,  Beccue  S,  Colleran  W,  Penney  J, 
Wang  KC.  An  8-bit,  2  gigasample  per  second  analog  to  digital  converter.  Proceedings  of  the  1995  GaAs  IC 
Symposium,  1995.  p.  303-6.].  In  this  paper,  we  will  discuss  the  present  and  future  trends  of  heterostructure  device 
applications  to  these  areas.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 
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The  rapid  growth  of  wireless  and  telecommunica¬ 
tions  markets  has  driven  the  commercialization  of  sev¬ 
eral  heterojunction  device  technologies  that  have,  to 
this  point,  existed  to  serve  predominantly  military  ap- 
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plications.  One  example  of  this  is  the  high  volume  pro¬ 
duction  of  heterojunction  bipolar  transistors  (HBTs)  at 
Rockwell,  RF  MicroDevices,  and  several  other  emer¬ 
ging  companies.  Silicon  has  long  benefited  (particularly 
in  cost)  from  large-scale  production.  III-V’s  are  just 
beginning  to  take  advantage  of  similar  leverage  and 
are  breaking  ground  in  many  commercial  areas.  The 
main  thrust  of  heterojunction  devices  has  been  in 
handheld  power  amplifiers.  This  application,  with  its 
yield,  cost,  reliability  and  scheduling  requirements 
(delivery  schedules),  provides  a  manufacturing  base 
that  is  being  leveraged  by  other  applications  such  as 
lightwave  telecommunications  and  data  conversion.  In 
this  paper,  we  begin  by  discussing  heterojunction 
devices  in  power  amplifier  applications  and  the  pro¬ 
spects  for  their  continued  success.  We  then  focus  on 
lightwave  applications  from  2.5  to  40  Gb/s.  Finally,  we 
highlight  the  process  by  discussing  the  application  of 
heterostructure  devices  to  data  conversion  applications 
which  often  require  transistor  counts  between  5  and 
10,000. 


2.  Power  amplifiers 

Heterostructure  devices  are  finding  widespread  use 
in  commercial  handheld  applications  at  high  volumes 
(>  1  million  die  per  month  by  several  vendors)  [1].  For 
these  applications,  high-efficiency  is  essential  (longer 
battery  life),  single  polarity  supply  is  preferred,  tra¬ 
ditional  figures  of  merit  (fT  and  /max)  are  irrelevant, 
breakdown  and  power  density  requirements  are 
relaxed,  and  COST  is  the  primary  driver  [2].  High-elec¬ 
tron  mobility  transistors  (HEMTs)  and  HBTs  are  both 
widely  used  and  each  has  its  own  merits  in  terms  of 
efficiency,  linearity  and  output  power.  These  par¬ 
ameters  also  strongly  depend  on  the  power  supply  vol¬ 
tage  and  operating  frequency  at  which  the  devices  are 
to  be  used.  For  the  commercial  wireless  market,  the 
emphasis  on  reducing  battery  voltage  is  strong  and 
tends  to  favor  FET  based  technologies.  This  drive  for 
low-voltage/low-power  operation  is  because  the  use  of 
lower  voltages  (a)  reduces  the  weight  and  volume  of 
the  product  and  (b)  follows  the  trend  of  digital  chip 
power  supplies  (so  both  the  power  amplifier  (PA)  and 
digital  circuits  can  use  the  same  supply).  The  choice  of 
amplifier,  in  these  applications,  is  not  totally  governed 
by  the  device  performance,  but  by  other  factors  such 
as  total  system  cost  and  time  to  market. 

The  requirements  for  these  handheld  applications 
are  contrasted  by  the  needs  of  infrastructure  or  defense 
applications  where  the  given  elements  of  device  per¬ 
formance  are  the  dominant  factor  and  there  is  strin¬ 
gent  requirement  for  low-power  operation.  For 
example,  CATV  and  base-station  applications  require 
high-efficiency,  high-linearity  and  high-breakdown. 


HBTs  are  excellent  candidates  for  these  applications. 
For  low-noise,  high-frequency  performance  (10-100 
GHz)  HEMTs  are  the  device  of  choice  due  to  superior 
thermal  properties  (no  current  crunch)  and  higher  gain 
at  higher  frequencies. 

Rockwell  Science  Center  has  developed,  and  is  sup¬ 
plying,  several  low-noise  amplifier  designs  using  0.25 
pm  p-HEMT  technology  to  deliver  low-noise,  high- 
performance  solutions  above  30  GHz.  For  example, 
amplifiers  in  the  33-36  GHz  range  with  22  and  26  dB 
nominal  gain  with  2.5  dB  nominal  noise  figure  and  8 
dBm  saturated  power  have  been  fabricated  [3-5]. 
Amplifiers,  such  as  the  one  shown  in  Fig.  1,  for  appli¬ 
cations  at  W  band  (91-GHz)  with  15  dB  nominal  gain 
with  5.5  dB  with  3  dBm  saturated  power  have  also 
been  demonstrated  [6].  These  circuits  clearly  demon¬ 
strate  that  HEMT  is,  and  will  continue  to  be,  the 
dominant  technology  for  applications  above  30  GHz. 

HBTs  are  also  excellent  devices  for  high -power 
microwave  applications.  They  offer  high-power  den¬ 
sities,  high-efficiency  and  high-linearity.  The  high-vol¬ 
tage  and  high-current  density  achievable  with  HBTs 
allow  them  to  form  compact  amplifiers.  The  high- 
power  added  efficiency  (PAE)  achievable  with  HBTs 
was  demonstrated  at  power  densities  of  2.83  mW/pm2 
at  10  GHz  with  67.8%  PAE  [7].  Further  improvements 
in  power  density  have  been  achieved  using  a  thermal 
shunting  technique  [8]  that  demonstrated  power  den¬ 
sities  above  10  mW/pm2  at  10  GHz  with  7-dB  gain 
and  60%  PAE.  The  importance  of  thermal  manage¬ 
ment  and  reliability  for  these  applications  cannot  be 
understated. 

For  power  amplifiers,  the  high  volumes  of  product 
currently  being  shipped  along  with  clearly  defined 
higher  frequency  applications  bode  well  for  the  future 
of  heterostructure  devices  in  power  amplification.  The 
high-volume  production  of  these  devices  also  has  sev¬ 
eral  important  secondary  benefits.  The  first  benefit  is 
that  it  provides  a  solid  manufacturing  base  for  the 
development  of  future  high-performance  GaAs  chips 
for  other  applications.  As  an  example,  the  production 
discipline  necessary  to  deliver  low-cost  HBT  power 
amplifiers  (reliable,  high-yields  devices  and  simpler, 
tightly  controlled  processes)  results  in  the  ability  to 
yield  large  digital  circuits  like  those  described  later  in 
this  paper.  The  second  benefit  is  that,  as  circuit 
designers  become  more  familiar  designing  with  these 
devices,  the  product  cycle  time  for  next  generation 
chips  is  greatly  reduced. 


3.  Lightwave  circuits 

With  the  explosion  of  internet  use,  the  requirements 
for  bandwidth  globally  are  ever-increasing.  As  a  result, 
there  is  a  growing  need  for  high-bit  rate  communi- 
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Fig.  1.  Layout  of  W-band  p-HEMT  amplifier.  The  die  is  2.5  x  1.67  mm  and  operates  from  a  4-V  supply. 


cations.  While  some  question  about  wavelength  div¬ 
ision  multiplexing  (WDM)  versus  time  division  multi¬ 
plexing  (TDM)  remains,  clearly  higher  bit  rate 
channels  are  necessary  to  meet  the  needs  of  future  net 
surfers.  High-bit-rate  communication  systems  require 
very  high-speed  technologies  for  their  implementation. 
Many  different  technologies,  including  heterojunction 
devices,  are  competing  for  the  low  bit-rate’  ( <  2.5  Gb/ 
s)  markets.  At  higher  bit-rates  (>  10  Gb/s)  heterojunc¬ 
tion  devices  are  very  capable  of  offering  a  full  chip-set 
solution.  These  chip-sets  typically  include  amplifiers, 
laser  drivers,  MUX/DEMUX,  and  clock  and  data 
recovery  chips.  Several  companies  already  have  com¬ 
mercially  available  products  that  use  heterojunction 
devices  at  both  the  2.5  and  10  Gb/s  using  HBTs  [9- 
10].  HBTs  (GaAs,  SiGe  and  InP)  and  HEMTs  are  the 
leading  candidates  for  higher  bit  rate  operation  [11- 
14].  We  will  now  highlight  some  of  the  high-speed  cir¬ 
cuits  demonstrated  at  Rockwell  for  use  in  40  Gb/s 
optical  systems. 

3.1.  4:1  Multiplexer 

High-speed  MUX  circuits  are  important  for  both 
time  division  multiplexing  (TDM)  and  wavelength  div¬ 
ision  multiplexing  (WDM).  We  have  demonstrated  a 
4:1  multiplexer  that  operates  at  40  Gb/s  using  our 
hybrid  digital/microwave  process  [15].  The  architecture 
used  requires  only  the  last  2:1  MUX  stage  to  operate 
at  the  maximum  bit  rate.  The  rest  of  the  circuit  oper¬ 
ates  at  half  the  bit  rate.  Another  outstanding  feature 
of  this  design  is  the  low  devices  count  and  low  power 


consumption  compared  to  multiplexing  with  four  mas¬ 
ter-slave  D  flip-flops  (MS-DFFs).  The  circuit  was 
tested  on-wafer,  using  RF  probes.  A  10  Gb/s  bit-error- 
rate  tester  (BERT)  generated  test  signals.  The  4:1  mul¬ 
tiplexer  operated  up  to  a  maximum  bit  rate  of  40  Gb/ 
s,  with  data  input  levels  of  125  mV  peak-to-peak  per 
channel  and  a  single-ended  clock  input  level  of  500 
mV  peak-to-peak.  A  microphotograph  of  this  4:1  mul¬ 
tiplexer  is  shown  in  Fig.  2(a),  the  output  eye  diagram, 
when  operating  at  40  Gb/s,  is  shown  in  Fig.  2(b).  To 
our  knowledge,  this  is  the  fastest  4:1  MUX  reported. 
This  circuit  was  converted  to  be  compatible  with 
Rockwell’s  non-self-aligned  production  process  (with 
only  minor  changes  to  the  transistor  layout).  Excellent 
yield  was  achieved  at  30  Gb/s  with  a  maximum  operat¬ 
ing  frequency  of  39  Gb/s.  In  this  case,  the  major  differ¬ 
ences  between  the  two  technologies  are  the  non-self- 
aligned  emitter-base  and  lack  of  a  Cbc  reduction 
implant  in  the  production  technology. 

3.2.  1:4  Demultiplexer 

The  1 :4  demultiplexer,  shown  in  Fig.  3(a),  used  simi¬ 
lar  multifunctional  circuits  as  the  4:1  MUX  [15-16]. 
Testing  was  performed  on-wafer  using  a  30  Gb/s  test 
signal  generated  by  connecting  a  4:1  MUX  and  a  1:4 
DMUX  with  0.8  m  of  semi-rigid  cable.  The  resulting 
eye  diagrams  and  divided  clock  are  shown  in  Fig.  3(b). 
The  divided  clock  output  was  designed  with  a  falling 
edge  that  is  independent  of  data  rate  in  its  relative  pos¬ 
ition  to  the  output  data  channel  eyes,  and  is  used  to 
time  subsequent  circuits.  The  MUX/DMUX  pair  were 
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Fig.  2.  (a)  Microphotograph  of  40  Gb/s  4:1  multiplexer.  The  die 
V  supply,  (b)  Eye  diagram  at  40  Gb/s. 


measured  back-to-back  with  a  BER  test  set  to  have 
error-free  performance  at  30  Gb/s.  The  same  transistor 
geometries  were  used  in  both  the  1:4  and  4:1  circuits  in 
our  research  HBT  process. 


3.3.  Gain  control  amplifier 

Broadband  variable  gain  amplifiers  are  also  key  el¬ 
ements  for  optical  communication  systems.  Receivers 
for  such  systems  require  linear  channel  response  with 
little  magnitude  variation,  constant  group  delay  and 
frequency  response  down  to  dc  to  achieve  good  bit 
error  rates.  We  have  demonstrated  a  packaged  ampli¬ 
fier  with  these  properties  from  DC  to  26  GHz  [17].  A 
microphotograph  of  this  chip  is  shown  in  Fig.  4(a). 
The  circuit  consists  of  an  input  buffer,  two  amplifier 
stages  connected  by  emitter  follower  buffers  and  an 
output  buffer.  The  input  and  output  buffers  provide 


size  is  1  x  2  mm2  and  the  chip  dissipates  3.5  W  from  a  single  -7.5 


good  terminations  for  50  Q  source  and  load.  The  basic 
amplifier  in  this  circuit  is  a  modified  transadmittance/ 
transimpedance  (TA/TI)  amplifier  pair  [18].  Variation 
of  /i  by  an  external  gain  controlled  voltage  changes 
the  transimpedance  ( gm )  of  the  TA  amplifier  which  in 
turn  varies  the  overall  gain  of  the  amplifier.  The  tran¬ 
sistors  in  the  parallel  feedback  path  of  the  TI  amplifier 
buffer  the  output  from  the  feedback  network,  which 
results  in  higher  gain,  wider  bandwidth  and  constant 
output  dc  voltage  independent  of  the  gain-controlled 
voltages  [19].  Emitter  followers  between  the  stages  pro¬ 
vide  level  shifting  and  improve  the  input/output  impe¬ 
dance  matching  between  the  output  TI  portion  of  the 
first  amplifier  stage  and  the  input  TA  portion  of  the 
second  amplifier  stage.  The  measured  performance  of 
this  variable  gain  amplifier  (VGA  or  AGC)  is  shown 
in  Fig.  4(b).  Note  that  this  circuit  has  a  gain  variation 
of  only  +1  dB,  constant  group  delay  within  the  pass- 
band,  and  a  gain  controlled  range  of  10-16  dB.  This 


Fig.  3.  (a)  Microphotograph  of  30  Gb/s  1:4  demultiplexer.  The  die  size  is  1  x  2  mm2  and  the  chip  dissipates  3.1  W  from  a  single 
-7.7  V  supply,  (b)  Output  eye  diagrams  of  channels  1-3,  divided  clock  (7.5  GHz)(400  mV/div,  50  ps/div). 
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Fig.  5.  (a)  Microphotograph  of  preamplifier  circuit.  The  die  is  0.45  x  0.45  mm2  and  dissipated  0.3  W  into  ±5  V  supplies,  (b) 
Measured  performance  using  optical  network  analyzer. 


performance  is  suitable  for  use  in  >  30  Gb/s  fiber-optic 
TDM  transmission  systems  [20]. 

3.4.  Preamplifier 

The  preamplifier  was  a  transimpedance  amplifier 
designed  to  have  maximum  flatness  (±0.5  dB)  from  0 
to  30  GHz.  The  chip  presented  here  was  an  electroni¬ 
cally  probable  version  of  this  part  [21].  Another  two 
versions  consisted  of  a  flip-chip  compatible  transimpe¬ 
dance  (Tz)  amp  and  an  integrated  Tz  amp  +  Schottky 
detector  (for  2  =  0.86  pm)  circuit.  A  microphotograph 
of  the  0.86  pm  version  is  shown  in  Fig.  5(a).  The  chip 
was  measured  using  an  optical  spectrum  analyzer.  The 
results  are  shown  in  Fig.  5(b).  The  3-dB  bandwidth  of 
this  chip  was  25  GHz.  Note  the  excellent  gain  flatness 
and  good  phase  response.  Several  different  chips  on 
each  wafer  were  tested.  Preamplifiers  on  the  same 
wafer  showed  very  similar  responses,  indicating  excel¬ 
lent  process  uniformity. 

3.5.  Clock  and  data  recovery 

One  of  the  conventional  ways  to  regenerate  the 
clock  signal  from  a  NRZ  data  stream  is  to  differentiate 
and  rectify  the  NRZ  data  stream  [22].  In  this  differen¬ 
tiate/rectify  (DR)  circuit,  a  capacitance-resistance  (C- 
R)  network  achieves  differentiation.  The  capacitor  is 
implemented  with  base-emitter  (BE)  junction  of  a 
diode-connected  HBT,  and  the  regenerated  clock 
power  is  maximized  by  proper  Vbe  bias;  rectification  is 
achieved  with  a  pair  of  common  collector/emitter 
HBTs  [23].  Because  passive  components  and  rectifica¬ 
tion  perform  differentiation  by  current  switching  in 


emitter  followers,  high-speed  operation  can  be 
obtained  with  this  circuit.  The  regenerated  clock  signal 
is  high-pass  filtered  to  remove  the  unwanted  low-fre¬ 
quency  signal/noise  and  to  maintain  proper  dc  bias  for 
the  DR  circuit. 

The  delay/multiply  (DM)  circuit  (Fig.  6(a))  consists 
of  a  Gilbert  multiplier  and  a  variable  delay  line.  The 
recovered  clock  power  can  be  maximized  when  the 
delay  is  half  the  bit  period  [24].  The  variable  delay  line 
is  implemented  with  a  high-impedance  transmission 
line  periodically  loaded  with  reverse-biased  BE  junc¬ 
tions  of  diode-connected  HBTs.  The  delay  of  the  line 
can  be  optimized  by  changing  the  BE  junction  bias  of 
the  diode  connected  HBTs  to  obtain  maximum  regen¬ 
erated  clock  power.  The  nominal  characteristic  impe¬ 
dance  of  the  delay  line  is  50  Q  and  terminated  at  the 
end  of  the  line  with  50-D  resistors  (not  shown)  to  mini¬ 
mize  reflections.  It  can  be  shown  that  the  delay  per 
section  of  line  is  t0  =  n  x  %  and  the  overall  impedance 
of  the  line  is  ZG  =  Z\/%,  where  z\  and  Zx  is,  respectively, 
the  delay  per  section  and  impedance  of  the  unloaded 
transmission  line,  and  %  =  (1  +  Cj/Cj)1/2  >  1,  with  Cj 
being  the  junction  capacitance  of  the  HBTs  and  C\  the 
transmission  line  capacitance.  Fig.  7  shows  x  0  and  (0 
as  a  function  of  x  with  x\  =  4  ps  and  Zj  =  90  ft.  While 
t0  depends  linearly  on  Z0  remains  relatively  con¬ 
stant.  As  a  design  example,  to  obtain  t0  variable  from 
8.3  to  6.3  ps  (corresponding  to  optimum  delay  for  30 
and  40  GBit/s  input  data),  the  line  impedance  only 
changes  from  43  to  58  ft;  hence  the  return  loss  remains 
under  —22  dB.  Fig.  6(b)  shows  the  single  ended  output 
waveform  from  the  delay  and  multiply  circuit. 

Td  obtain  high-speed  operation,  the  phase  detector 
(PD)  circuit  is  implemented  with  a  Gilbert-cell  type 
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mixer.  When  two  high-speed  signals  with  similar  fre¬ 
quencies  are  applied  to  the  LO  and  RF  ports  of  the 
mixer,  the  output  dc  (or  low-frequency)  signal  is  pro¬ 
portional  to  the  input  signal  phase  difference  [25]  and 
the  mixer  operates  as  a  phase  detector.  With  high¬ 
speed  HBT  devices,  large  phase-detector  gain  over 
wide  bandwidth  is  attainable  with  proper  transistor  siz¬ 
ing  and  biasing.  The  output  of  the  phase  detector  is 
low-pass  filtered  to  reject  high-frequency  noise  and 
help  ease  the  output  port  impedance  matching  require¬ 
ments. 

Having  discussed  circuits  that  take  advantage  of  the 
high-performance  offered  by  heterostructure  devices, 
we  now  discuss  data  conversion  circuits  that  place 
great  emphasis  on  not  only  the  performance,  but  also 
on  the  maturity  of  a  technology. 


4.  Data  conversion 

Data  conversion  circuits  such  as  DAC’s,  ADC’s  and 
direct  digital  synthesizers  are  of  great  interest  to  both 
military  and  commercial  markets.  HBT  based  12-bit  1 
GHz  DAC’s  are  just  one  of  the  commercially  available 
chips  available  for  data  conversion  [26].  In  addition, 
the  large  Early  voltages  (>500),  high-speed  (/r>50) 
and  compatibility  with  high-performance  Schottky 
diodes,  make  HBTs  excellent  devices  for  analog  to 
digital  conversion  applications.  The  excellent  device 
matching  and  high-yields  achievable  with  HBTs  are 
also  critical  for  these  applications.  We  have  fabricated 
several  high-speed  ADCs  that  leverage  the  capabilities 
of  our  commercial  fabrication  facility.  In  addition  to 
these  applications,  a  direct  digital  synthesizer  (>  10,000 
transistors)  operating  at  speeds  greater  than  1.5  GHz 
has  been  demonstrated  in  this  technology.  We  now 
briefly  describe  several  of  the  analog  to  digital  conver¬ 
ters  that  have  been  demonstrated  at  Rockwell  [27]. 

A  joint  Hewlett  Packard/Rockwell  team  funded  by 
Air  Force  Wright  Laboratory  [28]  demonstrated  a  6- 
bit  ADC  suitable  for  application  in  digitizing  oscillo¬ 
scopes.  This  ADC  features  an  analog  folding  architec¬ 
ture,  includes  on-chip  master-slave  track-and-hold  (T/ 
H)  circuit  and  provides  Gray-encoded  digital  outputs. 
The  ADC  achieved  5.6  effective  bits  at  4  Gsps.  It  has  a 
resolution  bandwidth  of  1.8  GHz  at  4Gsps.  The  chip 
operates  at  up  to  6.5  Gsps. 

An  8-bit  2Gsps  ADC,  as  shown  in  Fig.  8,  has  been 
fabricated  using  Rockwell’s  AlGaAs/GaAs  HBT  foun¬ 
dry  process  [29].  The  ADC  uses  a  folding  and  interp¬ 
olation  architecture  to  provide  wide  bandwidth  with 
moderate  device  count.  When  sampling  at  2  Gsps,  the 
ADC  demonstrated  an  effective  resolution  between  6.5 
and  7.0  effective  bits  for  analog  inputs  between  dc  and 
1.5  GHz  and  a  single-tone,  spurious-free  dynamic 
range  of  48  dB  at  Nyquist.  The  ADC  incorporates 
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over  2500  transistors  and  dissipated  5.3  W  from  5.0 
and  —5.2  V  supplies.  This  chip  is  being  used  in  several 
system  demonstrators,  including  a  laser  altimeter  for 
NASA. 

A  10-bit  1  Gsps  ADC  currently  under  development 
[30]  consists  of  5500  HBTs  and  has  7-W  power  dissipa¬ 
tion.  Measurements  on  the  first  iteration  of  this  chip 
show  fully  functional  ADCs  with  7.5-8. 5  effective 
number  of  bits  and  a  spurious-free  dynamic  range  of 
60  dB  up  to  500  MHz  clock  speed.  Several  areas  of 


improvement  have  been  identified  and  a  second  iter¬ 
ation  of  the  chip  is  in  fabrication. 

Direct  digital  synthesizers  are  useful  for  a  number  of 
applications,  from  satellite  receivers  to  high-perform¬ 
ance  test  equipment.  Rockwell  has  demonstrated  the 
world’s  most  advanced,  fast-hopping  frequency  synthe¬ 
sizer  chip  for  EHF-satellite  terminals  that  operates 
from  10  MHz  to  1.5  GHz  clock  with  4  Hz  increments 
and  a  total  power  dissipation  of  3.5  W.  The  spurious- 
free  dynamic  range  is  60  dBc  (/o  =  65  x  /clk).  This  chip 
consists  of  a  phase  accumulator,  sine  ROM  look-up 


Fig.  8.  (a)  8-Bit,  2Gs/s  HBT  analog  to  digital  converter.  The  die  is  2.775  x  3.525  mm2  and  dissipates  5  W  into  +5  V  and  -5.2  V 
supplies. 
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table  and  a  DAC.  The  entire  circuit  uses  over  10,000 
transistors  and  is  shown  in  Fig.  9(a).  The  resulting  fre¬ 
quency  spectrum  is  shown  in  Fig.  9(b). 

It  is  clear,  from  the  device  counts  and  critical  depen¬ 
dence  of  performance  on  device  matching  that  these 
data  conversion  applications  are  taking  full  advantage 
of  the  growing  infrastructure  for  HBTs.  Thus,  hetero¬ 
structure  devices  are  no  longer  limited  to  small  demon¬ 
stration  circuits,  but  should  be  considered  viable 
technologies  for  larger  systems  applications. 


5.  Summary 

All  of  the  above  application  areas  stress  a  different 
aspect  of  the  rapid  expansion  of  heterostructure 
devices  into  commercial  and  military  markets.  Power 
amplifiers  demonstrate  that  HBTs  are  cost-competitive 
with  other  technologies  and  are  gaining  a  significant 
manufacturing  base.  HEMTs  are  currently  the  preemi¬ 
nent  device  in  applications  above  30  GHz. 
Telecommunications  applications  are  taking  advantage 
of  the  superior  performance  of  heterostructure  devices 
to  ease  the  development  and  implementation  of  high- 
bit  rate  communication  chips.  The  prospects  for  con¬ 
tinued  growth  in  this  area  are  excellent.  Finally,  data 
conversion  applications  that  require  good  matching  of 
characteristics  (and  accurate  device  models),  high-per¬ 
formance  and  high-yield  for  transistor  counts  >5000 
transistors  are  readily  achievable  using  current  HBT 
production  devices. 
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Abstract 

We  describe  and  discuss  our  approach  to  improved  manufacturability  of  millimeter-wave  InP-type  HEMT  IC 
technology.  The  main  ingredients  are  the  use  of  (1)  GaAs  (rather  than  InP)  as  substrate,  with  a  buffer  that  grades 
the  lattice  constant  to  that  of  the  high-mobility  Gao.47Ino.53As  channel;  (2)  low-resistance  non-alloyed  ohmic 
contacts  with  good  reliability  and  reproducibility;  (3)  an  e-beam  process  that  produces  0.1-pm  T-gate  fingers  with 
one  exposure  and  (4)  two-step  selective  etching  of  the  gate  trough  for  good  uniformity.  The  process  is  compatible 
with  standard  GaAs  FET  IC  front  and  back  end  unit  processes,  including  backside  vias.  The  yield,  uniformity  and 
performance  of  devices  and  circuits  made  on  this  metamorphic  (MHEMT)  material  are  consistently  as  good  as 
those  we  get  using  InP  substrates.  The  reliability  of  our  devices,  whether  made  on  GaAs  or  InP  substrates,  is  limited 
by  impact  ionization  in  the  channel,  which  has  also  been  linked  to  /^-degradation  and  burnout.  At  low-noise  drain 
bias  (Fd=l  V),  where  the  impact  ionization  is  small,  we  have  demonstrated  reliability,  i.e.  extrapolated  MTTF  at 
125°C  channel  temperature  is  >  106  h.  This  is  as  good  as  FETs  made  on  InP  substrates.  ©  1999  Elsevier  Science 
Ltd.  All  rights  reserved. 


1.  Introduction 

The  need  for  a  low-noise,  high-performance  FET 
MMIC  technology  for  future  communication  and 
instrument  applications  can  be  met  with  a  short-gate 
InP  HEMT  process  (e.g.  Refs.  [1-3]).  However,  before 
the  full  benefits  of  such  a  process  can  be  realized, 
issues  with  manufacturability  have  to  be  worked  out 
[2,3].  At  HP  there  is  a  degree  of  incompatibility 
between  existing  GaAs-based  III-V  FET/MMIC  pro¬ 
cesses  in  manufacturing  (e.g.  Ref.  [4])  and  a  next-gen¬ 
eration  higher-performance  FET  process  on  InP. 
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Relative  to  GaAs,  InP  substrates  are  more  expensive 
and  brittle,  particularly  for  larger  wafer  sizes  (>3 
inch).  We  have  overcome  this  obstacle  by  implement¬ 
ing  a  buffer  technology  that  allows  the  use  of  GaAs 
substrates  [5,6].  There  are  additional  features  in  our 
process  that  promote  manufacturability.  Our  good  ex¬ 
perience  with  non-alloyed  ohmic  contacts  to  pseudo- 
morphic  In^Gaj^As  (x  =  0.25,  0.35)  on  GaAs  [7], 
made  these  particularly  attractive  in  the  present  case  of 
even  higher  In  mole  fractions.  Other  workers  have  also 
pursued  this  approach  because  of  the  reproducibly  low 
and  uniform  contact  resistance  [1].  The  0.1-pm  T-gates 
are  presently  defined  by  a  one-step  electron  beam  litho¬ 
graphy  process,  which  self-aligns  the  top  of  the  T  with 
the  stem.  A  higher  throughput  deep-UV  phase-shift 
mask  approach  is  being  developed  as  an  alternative  [8]. 
The  need  for  threshold  uniformity  has  been  addressed 
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by  an  approach  that  initially  attempted  to  leverage  off 
our  dry-etch  experience  with  earlier  GaAs-based 
MODFET  technology  [9-13].  Ultimately,  however,  we 
settled  on  a  two-step  selective  wet-etch  approach.  In 
the  following  we  will  discuss  these  approaches  in  more 
detail,  show  some  circuit  results,  and  finally  discuss 
our  experiences  with  device  degradation  and  reliability. 
Most  of  the  thinking  that  has  gone  into  the  process 
has  been  summarized  in  a  simple  tutorial  way  in  Ref. 
[14]. 


Table  1 

Typical  FET  parameters 


dgc  =  23  nm 

Lg  =  120  nm 

AT°=190  GHz 

/max  =  350  GHz 

CfS=  150  fF/mm 

Fsa?  GHz’ 2V)  =  210  mW/mm 

NFSGHz’on-wfr)  =  0.34  dB 

G(12GHz,on-wfr)=16  8  dB 


Rc  =  0.15  Q  mm 
Rs  =  0.35  Q  mm 
Fth  =  — 0.35  V 

<7(;fr)  =  60  mV 
<™fr)  =  80  mV 

7<rx)  =  700  mA/mm 
BVSf°  =  6  V 

mS/mm 

g§?')  =  5  mS/mm 


2.  Structure,  growth  and  process 

The  epitaxial  structure  and  gate  definition  of  our 
basic  FET  is  shown  in  Fig.  1.  Typical  characteristics 
are  shown  in  Table  1.  The  structure  is  grown  by  MBE. 
Except  for  the  GaAs  substrate,  and  the  first  and  the 
last  three  layers  grown,  the  structure  is  conventional. 
The  first  layer  is  the  linearly-graded  low-temperature 
buffer  (LGLTB)  in  which  the  lattice  constant  is  varied 
from  that  of  GaAs  to  that  of  InP  by  gradually  repla¬ 
cing  Ga  in  Al0.48Ga0.52As  with  In  over  1  pm  of  thick¬ 
ness,  so  that,  at  the  top  of  the  buffer,  Al0  48In0  52As  is 


grown  [5,6].  The  vast  majority  of  the  misfit  dislocations 
generated  in  this  process  remain  confined  to  the 
LGLTB.  The  threading  dislocation  density  in  the 
device  layers  is  typically  below  the  limit  observable  in 
TEM  (<  107  cm-2)  [14,15],  It  is  possible  that  the  lower 
yield  strength  of  material  with  less  In  tends  to  confine 
the  dislocations  closer  to  the  GaAs  substrate  [16].  We 
have  not  observed  any  reduction  in  FET  performance 
or  yield  as  a  result  of  the  use  of  a  GaAs  substrate  [17]. 
The  approach  allows  some  freedom  in  the  choice  of  In 
mole  fraction.  The  conduction-band  offset  A Ec  for  the 
2D  EG  is  maximum  for  ^30%  indium,  which  could 


non-alloyed 
ohmic 
contact 


10A  Gain  As 
smoothing  and  - 
etchstop  layer 

20A  A!  In  As  - 
spacer  layer 


125A  GalnAs  channel 


2500A  AllnAs  I 


2500A  AllnAs  buffer 


S'6’V:V'°-V 


1  urn  Linearly  graded  low-temperature  buffer:  AIGaAs  ->  AllnAs1 


GaAs  substrate 


Fig.  1.  Standard  epitaxial  structure  and  gate  definition  of  the  0.1-pm  MHEMT. 
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lead  to  larger  maximum  carrier  concentration  nso  and 
breakdown  voltage  BVdS  [18].  However,  it  also  makes 
it  harder,  if  not  impossible,  to  achieve  good  contact  re¬ 
sistance  Rc  with  non-alloyed  ohmic  contacts,  because 
of  the  ^70%  Al  in  the  Schottky  barrier  layer. 

The  top  two  layers  in  Fig.  1  provide  for  low  para¬ 
sitic  source  and  drain  resistances  ( Rs ,  /?d)  and  a  well- 
defined,  uniform  and  reproducible  threshold  voltage 
Kth-  Low  Rc  is  accomplished  by  the  choice  of  material 
(Gain As  and  GaAs)  and  by  high  Si  doping  (6  x  1018- 
3  x  10 19  cm-3).  This  results  in  a  low  barrier  for  the 
electrons  and,  thus,  low  tunneling  resistance.  After 
completion  of  the  IC  process,  Rc  is  «0.15  Q  mm.  The 
control  and  reproducibility  of  MBE  and  metal  depo¬ 
sition  are  better  than  of  typical  alloying  processes. 
Threshold  control  is  accomplished  by  a  two-step  selec¬ 
tive  recess  process.  The  first  succinic-acid  based  etch 
removes  the  top  GalnAs  layer  at  a  rate  that  is  10-20 
times  higher  than  in  the  underlying  GaAs.  This  allows 
for  sufficient  lateral  etch  of  the  GalnAs  before  the 
GaAs  layer  is  consumed.  With  GaAs  (rather  than 
AlAs)  as  an  etch  stop,  the  succinic  etch  had  to  be 
modified  from  that  in  Ref.  [19].  The  second  etch  (for 
the  remaining  GaAs)  was  initially  intended  to  be  RIE, 
since  recipes  with  excellent  selectivity  between  GaAs 
and  AlGaAs  have  been  developed  by  us  and  by  others. 
It  has  been  shown  that  such  a  recipe  can  be  ported  to 
InP-based  HEMTs  with  the  inclusion  of  a  GaAs  layer 
on  top  of  the  AlInAs  Schottky  barrier  layer  [20].  Early 


attempts  with  our  CC12F2/He  process  [10,11]  resulted 
in  very  low  breakdown  voltage.  Considering  the  chal¬ 
lenges  involved  in  not  just  tweaking  an  existing  pro¬ 
cess,  but  actually  having  to  develop  from  scratch  a 
low-damage,  environmentally  acceptable  RIE  process, 
we  instead  decided  to  leverage  off  our  experience  with 
selectively  etching  GaAs  on  pseudomorphic  InGaAs 
[7].  With  the  f^50%  indium  in  the  present  layers,  the 
selectivity  of  NH40H:H202:H20  is  even  better.  It  con¬ 
sumes  what  is  left  of  the  GaAs  layer  and  literally  stops 
on  the  underlying  In-containing  layer.  This  is  key  to 
threshold  control.  The  good  selectivity  of  the  two-step 
wet  etch  is  illustrated  in  Fig.  2.  The  amount  of  lateral 
etch  strongly  affects  the  maximum  drain  current  4max) 
and  off-state  breakdown  voltage  BV^  and  determines 
where  on  the  trade-off  line  the  FETs  will 

fall  [14].  The  lateral  etch  also  affects  the  knee  voltage 
of  the  FETs,  since  Rs  and  Rd  will  have  a  non-negligible 
component  associated  with  these  etched  higher-resist¬ 
ance  regions.  Excessive  lateral  etch  can  introduce  an 
unacceptably  large  kink  [1].  There  is  no  lateral  etch 
stop,  but  as  the  succinic-acid  based  etch  proceeds  in 
the  thin  layers,  the  rate  is  reduced,  eventually  to  zero 
at  a  final  lateral  extent  of  approximately  0.1  pm,  which 
results  in  good  overall  device  characteristics. 

The  thickness  and  quality  of  the  GaAs  etch  layer  is 
important.  If  it  is  too  thick  it  will  not  be  coherent  with 
the  layers  below,  and  the  doping  efficiency  will  be 
reduced  dramatically,  preventing  a  low  Rc.  If  it  is  too 


Fig.  2.  Demonstration,  using  the  contactless  sheet  resistance  of  a  blank  wafer,  of  the  selectivity  of  the  two-step  wet  gate  recess. 
SA  =  succinic  acid,  P  =  H202. 
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thin,  the  semi-selective  succinic-based  first  etch  will 
consume  it  and  some  uncontrollable  fraction  of  the 
underlying  AlInAs  Schottky-barrier  layer,  leading  to  a 
nonuniform  Vth.  Initially,  200- A  GaAs  layers  proved 
to  not  be  efficiently  doped,  while  100- A  layers  were. 
Although  Matthews-Blakeslee  theory  [21]  leads  to  a  40 
A  critical  thickness  for  GaAs  cladded  by  GalnAs,  ex¬ 
perience  suggests  that  the  actual  critical  thickness  can 
be  significantly  larger.  This  has  recently  been  quanti¬ 
fied  experimentally  for  layers  in  tensile  stress  [22]. 
Together  with  our  good  results  with  100  A  layers,  this 
suggests  that  our  choice  of  60  A  is  safe.  We  have  suc¬ 
cessfully  made  FBTs  on  material  that  was  rapid-ther- 
mal  annealed  at  650°C  for  5  s,  which  further  suggests 
that  our  design  of  the  cap  structure  is  robust.  The  final 
layer  of  particular  interest,  the  thin  GalnAs  layer  over 
the  AlInAs  Schottky  barrier  layer  in  Fig.  1,  was  in¬ 
itially  inserted  to  improve  the  growth  of  the  strained 
GaAs  layer.  It  was  felt  that  starting  the  GaAs  growth 
by  simply  closing  the  In  shutter  was  better  than  start¬ 
ing  it  on  AlInAs,  particularly  if  a  growth  interruption, 
to  increase  the  Si  cell  temperature  for  the  cap,  was 
used.  The  etch  layer  structure  we  settled  on  was  in 
large  part  the  result  of  the  constraints  imposed  by  the 
element  sources  initially  available  to  us  in  the  MBE 
reactor  used.  Alternative  etch-stop  layers  with  phos¬ 
phorous  have  been  successfully  included  by  other 
workers  in  the  field  [1].  Being  particularly  concerned 
with  reliability  and  contact  resistance,  our  cap  design 
is  quite  different  from  that  in  Ref.  [20],  where  a  600  A 
uncapped  layer  of  GaAs  was  used,  in  conjunction  with 
alloyed  ohmic  contacts  and  RIE  recess.  In  such  a  thick 
GaAs  cap,  the  first  300-400  A  of  the  GaAs  contain 
misfit  dislocations  [20]. 
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Prior  to  the  recess,  the  gates  have  been  defined  by 
direct  e-beam  writing  in  a  trilayer  resist  [23]  as  illus¬ 
trated  in  Fig.  1.  This  results,  after  development  and 
RIE,  in  a  «0.12  pm  gate  cut  in  the  bottom  layer  ZEP 
resist.  Shorter  gates  can  be  defined  with  this  approach, 
but  the  present  performance  and  reproducibility 
requirements  are  met  with  0.12  pm.  Because  of  fringing 
fields  that  modulate  the  2DEG  (not  included  in  the 
passive  fringe  capacitance  2Cfs)  the  electrical  gate 
length  is  ^30  nm  longer  than  the  metallurgical  length 
Lg  in  Table  1.  The  opening  in  the  top  layer  resist  (also 
ZEP)  is  larger  because  of  a  stronger  (low  contrast) 
developer.  The  middle  layer  resist  (PMGI)  develops 
out  further  to  provide  an  overhang.  Thus,  a  single  e- 
beam  exposure  produces  a  resist  cut  for  an  easily  lifta- 
ble  T-gate.  The  approach  relies  on  the  excellent  selec¬ 
tivity  of  the  developers  [23]. 

Given  the  deep  sub-micron  dimension  of  the  gate 
cut,  controlling  the  uniformity  and  reproducibility  of 
the  parameters  with  wet  chemistry  is  non-trivial,  even 
with  the  built-in  vertical  and  lateral  etch  control  dis¬ 
cussed  above.  The  controlled  reproducible  initiation 
and  quenching  of  wet  etching  in  small  semi-confined 
openings  with  poor  aspect  ratio  require  special  care. 
Fig.  3  shows  the  SEM  cross-sections  of  two  non-selec- 
tively  etched  gate  cuts  in  a  GaAs  test  wafer.  The  0.11 
pm  cut  corresponds  to  our  standard  FET,  while  the 
0.35  pm  cut  corresponds  to  gates  used  for  level-shifting 
diodes.  The  very  similar  vertical  and  lateral  etch  in  the 
two  cuts  suggests  that  that  the  initiation  and  quench¬ 
ing  are  quite  controlled.  The  etch  rate  appears  to  be 
somewhat  larger  than  in  GaAs  test  pieces  with  large 
openings  in  nitride.  This  suggests  that  the  quenching  is 
slower  than  the  initiation.  The  threshold  control  evi- 


(b) 


Fig.  3.  Cross-section  scanning  electron  micrographs  of  two  non-selectively  etched  troughs  in  a  GaAs  test  wafer  with  different  gate- 
cut  sizes  defined  by  one-step  e-beam  direct  writing  in  tri-layer  resist,  (a)  Standard  0.1-pm  gates,  (b)  0.35-pm  gates  used  for  diodes. 
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dent  in  Table  1  is  based  on  whole  or  partial  2-inch 
wafers  processed  in  HP  Labs  R&D  environment. 
Better  uniformity  has  been  demonstrated  on  full  3  inch 
wafers  at  HP  manufacturing  divisions,  where  20-mV 
standard  deviation  in  Vth  is  the  norm.  This  indicates 
that  the  etching  techniques  and  recipes  are  effective 
and  robust. 

As  with  all  good  T-gate  processes,  the  gate  metalli¬ 
zation  access  resistance  is  kept  quite  low  (rga  »  100  Q/ 
mm).  In  fact,  it  is  too  low  to  explain  the  value  for  the 
typical  FET  gate  resistance  Rg  extracted  from  micro- 
wave  measurements.  In  the  course  of  our  process 
development,  it  has  become  clear  that  the  dominant 
component  in  Rg  is  a  component  Rg j,  which  scales 
inversely  with  gate  width  Wg  [17].  By  a  theoretical  and 
experimental  process  of  elimination  we  have  identified 
RgI  to  be  an  ac  interfacial  layer  resistance  between  the 
gate  metal  and  the  semiconductor  surface  states.  This 
has  rather  profound  consequences  for  device  optimiz¬ 
ation  and  model  scaling.  Details  on  this  topic  can  be 
found  in  Ref.  [24].  A  theoretical  analysis  suggests  that 
even  a  pristine  metal-semiconductor  interface  produces 
a  small  but  possibly  significant  Rgi  due  to  the  resist¬ 
ance  associated  with  tunneling  across  the  interfacial 
dipole  layer  that  exists  even  in  an  ideal  Schottky  bar¬ 
rier  [25].  With  a  given  lithography,  we  can  do  the  fol¬ 
lowing  to  approach  this  ultimate  situation:  (1)  use  an 
effective  clean-up  dip  prior  to  evaporation;  (2)  mini¬ 
mize  the  delay  to  evaporation  and  (3)  use  a  gate  metal 
that  can  be  controllably  sintered  into  the  semiconduc¬ 
tor,  while  consuming  remaining  native  oxide  and/or 
contaminants.  Only  the  third  point  warrants  further 
discussion.  From  the  standpoints  of  a  clean  interface 
and  of  barrier  height,  the  best  gate  metal  appears  to  be 
Pt,  which  has  been  studied  and  used  by  workers  in  the 
III-V  FET  field  for  quite  some  time  (e.g.  Ref.  [26]). 
More  recently  it  has  been  used  for  AlInAs/GalnAs 
MODFETs  [27,28].  Because  of  the  scaling  between  Pt 
thickness  and  sintering  depth  [26],  the  Pt  thickness 
must  be  limited  [27].  We  use  25  A  Pt  separated  from 
the  top  Au  by  a  Ti/Pt  barrier  much  like  in  Ref.  [28]. 
Interestingly,  we  have  found,  by  analyzing  Vth  versus 
Pt  thickness,  the  same  1.4  scaling  factor  between  sin¬ 
tering  depth  and  initial  Pt  thickness  as  was  found  in 
Ref.  [28].  The  35- A  shift  in  metal-semiconductor  inter¬ 
face  position  is  reflected  in  the  effective  gate-to-channel 
distance  dgc  in  Table  1.  The  barrier  height  is  #b  se0.7 
eV,  with  better  ideality  than  our  earlier  Ti  gates.  The 
undoped  GalnAs  smoothing  and  etch-stop  layer  dis¬ 
cussed  above  should  be  thinner  than  the  sintering 
depth,  so  that  the  Schottky  barrier  is  formed  on  the 
wide  band-gap  Alin  As.  The  GalnAs  area  contacted 
from  the  side  by  the  Pt  is  too  small  to  significantly 
increase  the  gate  leakage.  The  minimum  reproducible 
normalized  interfacial  gate  resistance  rgx  =  RglLgWg  as¬ 
sociated  with  the  Pt  gate  is  «3  x  1CT7  Q  cm"  [24]. 


3.  Circuit  examples 

Several  demonstration  circuits,  with  emphasis  on 
low  noise  and  wide-band  applications,  have  been 
designed  and  fabricated  in  HP’s  Microwave 
Technology  Division.  In  a  2-50  GHz  distributed 
amplifier  a  3.1  dB  noise  figure  was  measured  in  the 
36-42  GHz  band,  which  is  a  3  dB  improvement  over 
the  existing  0.25-pm  PHEMT  process  [29].  A  distribu¬ 
ted  amplifier  with  12  dB  low-frequency  gain  and  8  dB 
gain  at  110  GHz  has  also  been  demonstrated  [30]. 
Results  like  these  heighten  the  interest  in  getting  this 
process  into  manufacturing.  The  major  stumbling 
block  is  not  manufacturability  per  se,  but  rather  re¬ 
liability  at  Vd  >  1.5  V.  We  will  discuss  this  in  the  next 
section.  The  two  circuits  shown  in  Figs.  4  and  5  were 
designed  and  fabricated  at  HP  Laboratories.  Fig.  4(a) 
shows  a  three-stage  broadband  MMIC  amplifier 
designed  with  coplanar  transmission-lines.  The  design 
is  based  on  Ref.  [31].  Fig.  4(b)  shows  the  gain  in  V- 
band  (50-75  GHz).  The  gain  is  25  dB  at  50  GHz,  and 
has  dropped  3  dB  at  «68  GHz.  This  further  illustrates 
the  potential  of  this  technology  for  millimeter-wave  ap¬ 
plications. 

Given  the  uncertainty  in  the  number  of  dislocations 
that  thread  through  the  device  layers  we  were  inter¬ 
ested  in  the  yield  of  a  more  complex  circuit.  Fig.  5(a) 
shows  a  static  divide-by-4  circuit  with  a  total  of  97 
FETs,  49  of  which  have  0.1  pm  gates.  The  others  are 
used  for  level-shifting  and  have  0.35  pm  gates  (Fig. 
3b).  The  circuit  is  of  interest  for  potential  digital  appli¬ 
cations,  and  the  design  is  very  similar  to  that  in  Ref. 
[13].  The  differences  are  due  to  the  present  availability 
of  only  one  type  of  FET  (depletion  mode).  The  aver¬ 
age  divider  yield  for  four  wafers,  three  on  GaAs  and 
one  on  InP,  was  45%.  Two  of  the  three  GaAs  wafers 
actually  had  higher  yield  than  the  InP  wafer,  indicating 
that  the  LGLTB  does  not  impact  the  yield  negatively. 
In  estimating  a  density  of  electrically  active  dislo¬ 
cations  from  the  yield  numbers,  we  assume  (1)  a  uni¬ 
form  threading  dislocation  density,  (2)  that  the  yield 
loss  is  due  exclusively  to  dislocations  and  (3)  that  only 
0.1 -pm  switching  FETs  are  affected  by  dislocations 
through  the  gate  area.  Based  on  the  non-unity  yield  of 
the  InP  wafer  and  visual  inspection,  assumption  (2)  is 
not  strictly  true,  although  observable  flaws,  such  as 
metal  peeling  and  spitting,  have  been  considered  too 
infrequent  to  warrant  quantification.  Assumption  (3) 
excludes  the  possibility  that  0.1 -pm  current  sources 
and  0.35-pm  level-shifting  diodes  are  also  affected  by 
dislocations  through  the  gate  area.  The  estimate  (2- 
7)  x  105  cm-2  is  thus  an  upper  limit  of  an  effective  uni¬ 
form  density  of  harmful  threading  dislocations.  This  is 
similar  to  the  5  x  105  cm-2  arrived  at  by  analyzing  the 
yield  of  discrete  FETs  on  a  3  inch  wafer  from  HP’s 
Wireless  Semiconductor  Division  [14],  where  observa- 
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(a)  (b) 

Fig.  4.  Three-stage  MHEMT  feedback  amplifier  (a)  and  its  V-band  frequency  response  (b).  The  traces  correspond  to  different  cir¬ 
cuits  locations  on  the  2  inch  wafer. 


ble  metallization  flaws  are  very  few.  These  similar 
values  are  indeed  below  the  TEM  detection  limit  and 
low  enough  to  yield  useful  circuits.  Division  up  to  31 
GHz,  with  a  sensitivity  shown  in  Fig.  5(b),  was 
measured  on-wafer.  Summarizing  the  device  and  circuit 
results,  we  have  seen  no  reduction  in  performance, 
yield  or  uniformity  by  using  the  GaAs  +  LGLTB  as  a 
substrate  for  InP-type  HEMTs. 


4.  Reliability,  ^-degradation  and  burnout 

At  low-noise  bias,  the  reliability  of  the  MHEMTs 
[15]  is  as  good  as  that  of  similar  HEMTs  grown  on 


(a) 


InP  [32].  Fig.  6  shows  the  MTTF  Arrhenius  plot  for 
MHEMTs  stressed  at  Kd  =  l  V  and  /d  =  200  mA/mm, 
at  channel  temperatures  of  200,  220  and  240°C.  With  a 
15%  drop  in  /dss  as  the  failure  criterion,  MTTF  ex¬ 
trapolates  to  7.5  x  106  h  at  a  125°C  channel  tempera¬ 
ture.  Stress  for  3500  h  at  J’ch  =  220°C  shifts  Vth  by 
+  65  mV  (Fig.  3  in  Ref.  [15]),  which  is  equivalent  to  12 
A  further  Pt  sintering.  Comparing  this  result  with 
those  in  Ref.  [32],  it  appears  that  the  reliability  of  our 
sintered  Pt  gate  is  as  good  as  that  of  a  refractory  gate. 
A  more  serious  reliability  issue  is  the  increase  A Rd  in 
drain  resistance,  previously  observed  on  lattice- 
matched  InP-based  HEMTs  [3,32].  At  220°C  channel 
temperature  even  low-noise  biasing  causes  a  significant 


{input  frequency  (GHz)  | 
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Fig.  5.  Static  MHEMT  divide-by-4  circuit  (a)  and  its  input  sensitivity  curve  (b). 
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Fig.  6.  MTTF  Arrhenius  plot  for  0.1-gm  MHEMTs.  Solid  cir¬ 
cles  are  HTOL  MTTF  data  for  the  failure  criterion  of  15% 
degradation  in  /dss.  The  open  circle  is  the  extrapolated 
7.5  x  106  h  MTTF  for  125°C  channel  temperature.  With  gm 
peaking  near  Kg  =  0  V,  /dSs  degrades  more  rapidly  than  /dmax) 

[15]. 


(40-80%)  A Rd  (compared  to  0-20%  for  ARS)  [15].  In 
our  FETs  at  Kd>1.5  V,  ^-degradation  has  been  ex¬ 
perimentally  and  theoretically  correlated  with  impact 
ionization  in  the  channel  [33,34].  This  is  likely  to  be 
the  case  also  at  low-noise  bias.  While  the  impact  ioniz¬ 
ation  component  in  the  gate  current  is  typically  too 
low  to  be  discerned,  impact  ionization  has  been  shown 
theoretically,  in  the  context  of  modeling  the  kink 
phenomenon,  to  exist  at  Vd  <  1  V  [35].  Higher  drain 
biases  that  are  desirable  for  medium-power  appli¬ 
cations  increase  the  impact  ionization  for  both 
MHEMTs  and  standard  HEMTs  on  InP.  The  amount 
of  impact  ionization  will  depend  on  the  design  of  the 
channel  and  cap  layers,  the  gate  trough  and  passiva¬ 
tion.  The  sensitivity  of  the  device  to  impact  ionization 
will  depend  on  the  mechanism  responsible  for  the 
degradation,  which  is  largely  unknown.  One  can  envi¬ 
sion  it  to  depend  on  general  material  quality,  and  the 
design  of  the  buffer  and  Schottky  barrier  layers.  The 
best  reliability  reported  on  AlInAs/GalnAs  HEMTs 
on  InP  (at  Vd  >  1  V)  [36]  appears  to  have  been 
achieved  on  a  structure  with  depleted  cap  and  Al-rich 
Schottky-barrier  layer  [37],  both  requiring  alloyed 
ohmic  contacts. 

Even  without  considering  Rd-degradaton  and  long¬ 
term  reliability,  impact  ionization  has  an  important 
limiting  effect  on  these  narrow-bandgap  FETs,  whether 
grown  on  GaAs  or  InP.  It  determines  the  on-state 
destructive  breakdown  (or  burnout)  voltage  BV^n)(/d) 


and  renders  the  off-state  breakdown  voltage  BV^ 
essentially  irrelevant  [34].  This  is  illustrated  in  Fig.  7, 
where  the  experimental  data  are  the  burnout  biases  of 
45  FETs  on  a  single  typical  wafer.  Each  data  point 
was  generated  by  fixing  the  gate  bias  V„  and  ramping 
up  Vd  until  the  device  burned  out.  BV^  was  recorded 
along  with  the  associated  drain  current  7d.  Varying  Vg 
from  device  to  device  then  generates  the  experimental 
dependence  of  BV^n)  on  7d.  For  low  currents,  this 
approaches  the  independently  measured  BVjfi^  [38].  As 
a  reference  we  superpose  on  the  experimental  data 
dotted  curves  corresponding  to  various  power  dissipa¬ 
tions  in  the  device.  As  described  in  Ref.  [34]  we  also 
utilize  a  simple  semi-analytical  FET  model  for  two 
purposes.  First,  we  model  the  full-channel  7d  versus  Vd 
by  fixing  Vg  at  +0.75  V.  Although  not  able  to  accu¬ 
rately  predict  the  output  conductance,  the  model  pre¬ 
dicts  the  measured  larger  burnout  currents  rather  well. 
Second,  we  calculate  the  secondary  drain  current  gen¬ 
erated  by  impact  ionization.  This  is  done  non-self-con- 
sistently  by  using  the  field  dependent  impact  ionization 
coefficients  [34].  We  then  locate  the  points  in  7d-Kd 
space  corresponding  to  a  constant  secondary  current, 
and  plot  those  with  heavy  solid  lines  in  Fig.  7.  These 
are  different  from  those  in  Fig.  2  in  Ref.  [34],  because 
of  the  use  of  more  realistic  impact  ionization  coeffi¬ 
cients  for  the  Gain  As  channel  [35,39].  The  general 
shape  of  a  locus  of  constant  impact  ionization  is  very 
different  from  that  of  constant  power  dissipation.  In 


Fig.  7.  Measured  and  modeled  on-state  breakdown  voltage 
characteristics  for  0.1 -gm  AlInAs/GalnAs/GaAs  MHEMTs, 
modeled  maximum  current  (Kg=+0.75  V),  constant  dc 
power  loci  (dotted  lines),  and  three  load-lines  (A,  B  and  C). 
The  heavy  solid  lines  are  calculated  loci  of  constant  channel 
impact  ionization  current.  Load-line  A  is  based  on  the 
measured  off-state  breakdown  voltage  BV§^  [38].  Load-lines 
B  and  C  are  for  more  realistic  drain  biases  (1.5  and  2  V,  re¬ 
spectively)  which  avoid  the  critical  shaded  area  P  of  minimum 
on-state  breakdown.  The  measured  burnout  data  points  were 
taken  on  FETs  with  22  and  150  gm  gate  widths,  on  a  repre¬ 
sentative  wafer.  Vg  was  held  fixed  for  each  measurement,  but 
varied  from  FET  to  FET. 
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particular  for  larger  currents,  the  former  is  much  stee¬ 
per,  and  actually  bends  over  because  of  the  lower  fields 
in  a  full  channel.  Two  very  different  FET  sizes  were 
used  to  be  able  to  notice  any  differences  attributable  to 
heating  effects  [34].  Fig.  7  reveals  that  the  experimental 
BV^°n)(7d)  data  points  for  these  Gao^Ino^As-channel 
FETs  deviate  markedly  from  a  constant-power  locus, 
which  usually  describes  the  similarly  measured  break¬ 
down  for  GaAs  MESFETs  [40]  and  PHEMTs  [41,42]. 
Instead,  BVjj°n)(7d)  follows  a  modeled  locus  for  2-12 
mA/mm  secondary  drain  current,  independent  of  the 
primary  drain  current  7d.  The  impact  ionization  cur¬ 
rent  corresponding  to  burnout  in  our  present  devices  is 
then  expected  to  be  on  the  order  of  1%  of  the  full- 
channel  current.  The  measured  gate  current  at  burnout 
varied  between  1  and  6  mA/mm,  suggesting  that,  for 
this  device  structure,  a  significant  fraction  of  the  holes 
generated  by  impact  ionization  in  the  high-field  drain 
region  of  the  channel  are  collected  at  the  gate. 

Fig.  7  also  includes  three  potential  load-lines  for  a 
power  amplifier,  all  emanating  from  the  knee  voltage 
of  the  modeled  full-channel  7d(Fd)  curve.  The  one 
marked  A  is  the  standard  textbook  load-line  intersect¬ 
ing  the  Fd-axis  at  the  off-state  breakdown  voltage 


BV§^.  Obviously,  this  is  unacceptable  for  these  FETs. 
Instead  we  have  to  move  the  load-line  below  the 
shaded  area  P  in  Fig.  7,  with  some  margin  for  re¬ 
liability,  as  illustrated  by  load-lines  B  and  C.  The  area 
P  corresponds  to  a  flat  minimum  BV^°n,mm)  in  the 
BV^n)(/d)  curve.  The  slightly  smaller  BV^Jf0  for  the  lar¬ 
ger  FETs,  at  larger  currents,  may  be  a  small  thermal 
effect  [34].  Since  this  will  not  affect  the  load-line  we 
will  instead  focus  on  BV^0sn,min)  at  P,  which  is  near  the 
point  of  maximum  transconductance  gm  and  the  4max)/ 
2  class-A  bias  current.  BVfsn,m,n)  thus  becomes  a  par¬ 
ameter  worth  focusing  on  for  device  structure  optimiz¬ 
ation.  Because  of  the  flatness  of  the  BVjj°n)(7d) 
minimum,  the  choice  of  /d  is  not  critical.  For  low  7d, 
BVjj°n)  increases  because  the  primary  drain  current  is 
low.  For  high  7d,  as  mentioned  above,  BV^n)  increases 
slightly  because  the  channel  field  is  reduced.  BV^n,m,n) 
is  henceforth  defined  with  Vg  fixed  at  Vgm  correspond¬ 
ing  to  maximum  gm  at  low  drain  bias  (Vd  =  1-1.5  V). 

Fig.  8  shows  a  collection  of  measured  BV^°n'mm) 
plotted  versus  the  drain  current  (^7 ^max)/2)  at  which 
the  device  burns  out,  for  a  variety  of  MBE  structures, 
unit  processes,  FET  geometries,  gate  orientation  and 
biasing  schemes.  Some  of  the  variations  in  structure 
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Fig.  8.  On-state  burnout  points  of  various  AlInAs/GalnAs/GaAs  MHEMT  wafers  with  the  gate  biased  for  maximum  transconduc¬ 
tance  at  Kd=  1-1.5  V.  A  variety  of  different  FET  structures  and  processing  are  plotted,  as  indicated  in  the  legend.  The  solid  line 
corresponds  to  FdId  =  1.2  W/mm. 
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and  process  were  specifically  made  to  improve  the 
millimeter-wave  output  power  that  can  be  reliably 
delivered.  The  data  follow  a  1.2  W/mm 
BV(on,m,n)  x  ^max)^  tradeoff  curve,  with  a  standard  de¬ 
viation  of  0.3  W/mm.  This  is  a  very  different  trend 
than  that  in  Fig.  7.  Recall,  however,  the  different  par¬ 
ameters  that  are  varied  and  looked  at  in  the  two  cases. 
In  Fig.  7,  various  burnout  points  were  generated  on  a 
wafer  by  varying  Vg  and  hence  7d,  but  obviously  keep¬ 
ing  the  device  design  the  same.  In  Fig.  8,  on  the  other 
hand,  we  vary  the  device  itself,  fix  Kg  at  Vgm  for  the 
particular  device,  then  ramp  up  Vd  until  burnout 
occurs  at  BVgf’min).  The  data  in  Fig.  7  established  that 
the  burnout  is  not  a  thermal  effect.  The  apparent  con¬ 
stant-power  tradeoff  in  Fig.  8  is  best  considered  a  co¬ 
incidence,  until  the  physical  origin  can  be  established. 
Variations  in  the  linear  part  of  the  parasitic  access  re¬ 
sistances  Rs  and  Rd  between  the  structures  are  too 
small  to  significantly  affect  the  burnout  voltage  and 
current.  Variations  in  the  nonlinear  part  due  to  the 
unmetallized  free-surface  part  of  the  gate  trough,  how¬ 
ever,  can  have  significant  effect.  In  fact,  variation  in 
the  lateral  etch  is  one  non-thermal  physical  mechanism 
that  can  produce  a  constant-power-like  tradeoff  [34]. 
This  is  unlikely,  however,  to  explain  more  than  a  sub¬ 
set  of  the  data  points  in  Fig.  8,  since,  as  discussed  in 
Section  2,  our  recess  is  quite  controlled.  Some  of  the 
data  on  dual-doped  FETs  with  low  breakdown  in  Fig. 

8  may  be  explained  by  this  mechanism,  since  these 
FETs  were  marred  by  poor  nitride  adherence,  which 
did  significantly  alter  the  shape  of  the  etched  trough. 
Some  of  the  MBE  structure  variations  in  Fig.  8,  such 
as  the  use  of  a  depleted  cap  and  thin  quantized  chan¬ 
nels,  may  also  be  reconciled  with  a  constant-power-like 
tradeoff,  since  they  do  tend  to  simultaneously  produce 
lower  currents  and  reduced  impact  ionization.  Our 
thinner  channel  devices  (dch  =  60,  80  and  100  A),  how¬ 
ever,  all  fall  rather  significantly  below  the  1.2-W/mm 
tradeoff.  So  do  our  dual-gate  FETs,  where  the  lack  of 
improvement  is  related  to  the  redistribution  of  the 
channel  field  which  reduces  the  current,  but  does  not 
prevent  a  high-field  region  from  ultimately  appearing 
at  one  of  the  gates.  For  similar  reasons  the  gate  length 
does  not  strongly  affect  the  on-state  breakdown.  The 
channel  field  is  always  concentrated  at  the  drain-end  of 
the  gate,  with  the  rest  of  the  channel  essentially  acting 
as  a  relatively  small  low-field  series  resistance. 

To  summarize  the  observations  in  this  section,  Fig. 

9  combines,  qualitatively,  the  two  trends  in  Figs.  7  and 
8.  Taking  into  account  the  finite  knee-voltage.  Fig.  9 
implies  that  larger  output  power  would  be  achieved 
with  lower-current  devices.  The  requirement  for  suffi¬ 
cient  gain  at  the  millimeter-wave  frequencies  of  interest 
will  severely  limit  the  acceptable  reduction  in  current, 
and  alternative  approaches  to  improved  reliability  at 
larger  drain  bias  are  therefore  needed. 


Fig.  9.  Qualitative  picture  summarizing  the  lessons  from  Figs. 
7  and  8.  For  different  bias  on  similar  FETs,  the  on-state 
breakdown  BV^n)(/d)  follows  a  locus  of  constant  impact  ion¬ 
ization  (rather  than  one  of  constant  power),  with  a  minimum 
BV£n’n,m)  near  maximum  gm  and  4max)/2.  As  the  FET  struc¬ 
ture  is  varied,  resulting  in  a  different  ^max),  the  BV£n)(/d)- 
trace  is  stretched  or  compressed  to  fit  under  7^max)  and  tends 
to  move  laterally  following  a  constant  power  tradeoff. 


5.  Conclusions 

Low-cost  rugged  GaAs  substrates  can  be  used  to 
fabricate  InP-type  HEMTs,  with  excellent  perform¬ 
ance,  yield,  uniformity,  and  reliability  at  low-noise- 
bias.  The  linearly-graded  low-temperature  buffer  used 
to  grade  the  lattice  constant  from  GaAs  to  InP  adds  to 
the  growth  time,  but  subtracts  substrate  cost  and  wafer 
breakage.  For  us,  the  seamless  fit  of  the  process  with 
existing  GaAs  IC  manufacturing  infrastructure  is  an 
overriding  economic  advantage  of  this  technology. 
Non-alloyed  ohmic  contacts,  etch  stop  layers  and  a 
one-step  e-beam  T-gate  process  also  contribute  to  the 
manufacturability  of  these  MHEMTs.  The  reliability 
issues  at  higher  drain  biases  do  not  appear  to  be  re¬ 
lated  to  the  GaAs  substrate. 
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Abstract 

Wafer  bonding  has  been  investigated  as  a  key  technology  to  integrate  InP  lasers  on  Si  for  optoelectronic 
integrated  circuits.  The  bonding  process  has  been  optimized  to  allow  the  integration  of  InGaAsP/InP  double¬ 
heterostructures  (DHs)  on  Si  with  keeping  the  crystal  qualities  good  enough  to  realize  the  lasers.  As  a  result,  room 
temperature  continuous-wave  (CW)  operation  of  InP  edge-emitting  lasers  has  been  achieved.  In  addition,  as  one  of 
the  building  blocks  to  implement  the  optimal  interconnections  between  Si  LSIs,  InP  optical  devices  on  Si  integrated 
with  the  back-surface  diffractive  lenses  have  been  demonstrated.  A  novel  bonding  process  which  allows  an 
integration  on  structured  wafers,  such  as  Si  LSI  wafers,  has  also  been  proposed.  The  wafer  bonding  is  thought  to  be 
a  promising  technique  to  implement  optical  interconnections  between  Si  LSI  chips.  ©  1999  Elsevier  Science  Ltd.  All 
rights  reserved. 


1.  Introduction 

Optical  interconnections  between  Si  LSI  chips  have 
been  attracting  increasing  interest  as  a  key  technology 
to  overcome  communication  bottlenecks  in  electrical 
interconnections  of  the  future  high-speed  LSI  system 
and/or  to  realize  new  functional  LSI  processors  [1-3]. 
Fig.  1  schematically  illustrates  the  proposed  structure 
of  the  optically  interconnected  LSIs.  InP  lasers,  prefer¬ 
ably  surface  emitting  lasers,  are  integrated  on  LSI 
chips  and  the  optical  signals  are  emitted  through  the  Si 
substrate  to  another  LSI  chip.  InP-based  lasers  are 
suitable  for  this  application  because  Si  is  transparent 
at  the  emission  wavelength.  In  addition,  diffractive 
optical  elements  (DOEs)  such  as  diffractive  lenses  and 
beam  deflectors  can  be  integrated  on  the  back-surface 
of  the  Si  wafer.  In  two-dimensional  integration,  the 
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LSIs  with  lasers  are  mounted  on  a  waveguide  substrate 
such  as  glass  or  Si  and  are  optically  interconnected 
using  DOEs  fabricated  on  the  Si  back-surface  and  the 
waveguide  substrates. 

In  order  to  realize  such  integrated  structures,  usually 
called  as  optoelectronic  integrated  circuits  (OEICs),  in¬ 
tegrations  of  III-V  optical  devices  on  Si  has  been 
widely  studied  with  several  different  approaches, 
including  solder  bonding  [4],  lattice-mismatched  epitax¬ 
ial  growth  [5,6]  and  wafer  bonding  [7,9].  Solder  bond¬ 
ing  with  metals  such  as  AuSn  [4]  is  the  most 
straightforward  method,  but  it  is  not  suitable  for  verti¬ 
cal  optical  interconnections  (Fig.  1(a))  because  the 
metals  interrupt  the  vertical  light  propagation.  Lattice- 
mismatched  epitaxial  growth  has  been  widely  investi¬ 
gated  and  room-temperature  CW  operation  of  the 
lasers  on  Si  has  been  successfully  demonstrated  [5,6]. 
However,  there  are  some  problems  in  this  growth  tech¬ 
nique,  such  as  high  dislocation  densities  (>5  x  106 
cm-2)  and  high  growth  temperatures  (typically 
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(a)  3D-Integration 

InP  LD 


(b)  2D-Integration 


waveguide  substrate 

Fig.  1.  Schematic  pictures  of  proposed  optically  intercon¬ 
nected  Si  LSIs. 

>900°C  for  thermal  pre-cleaning  of  Si  and  >550°C 
for  epitaxial  growth).  The  high  growth  temperatures 
may  cause  a  big  problem  in  the  device  integration 
because  the  interconnection  metals  in  LSIs,  especially 
aluminum,  will  be  degraded  when  the  fully  processed 
LSIs  are  exposed  to  the  temperatures  higher  than 
500°C  [10,11]. 

Wafer  bonding  is  another  promising  candidate.  It  is 
a  technique  to  bond  different  wafers  by  contacting  the 
flat  surfaces  face-to-face  after  appropriate  surface 
cleaning  without  using  any  adhesives.  Since  the  tech¬ 
nique  was  first  demonstrated  in  1986  for  Si-Si  bonding 
[12]  and  the  fabrication  of  silicon-on-insulator  (SOI) 
structures  [13],  it  has  been  extensively  investigated 
mainly  for  Si-based  materials,  and  has  recently  been 
applied  to  other  materials  including  InP-GaAs  [14- 
lb],  GaAs-Si  [7,17],  InP-Si  [8,9,18,19],  GaAs-LiNb03 
[20]  and  LiNb03-LiTa03  [21].  With  the  wafer  bonding 
technique,  it  is  possible  to  bond  wafers  at  low  tempera¬ 
tures  (even  at  room  temperature)  through  Van  der 
Waals  force  [7]  and/or  hydrogen  bonding  between  sur¬ 
face  OH-groups  [12].  Therefore,  we  can  integrate  InP/ 
InGaAsP  materials  on  fully  processed  LSI  wafers  with¬ 
out  degradation  of  the  LSI  characteristics. 
Additionally,  optical  devices  can  be  fabricated  using 
photolithography  after  wafer  bonding  because  the 
bonds  can  be  strong  enough  to  endure  following  device 


fabrication  processes.  This  will  facilitate  alignment  of 
large  number  of  small  optical  devices  with  Si  circuits, 
resulting  in  a  potentially  inexpensive  integrated  system. 

In  this  paper,  we  report  on  the  procedures  and  prop¬ 
erties  of  InP-Si  bonding  and  the  fabrication  of 
InGaAsP/InP  optical  devices  on  Si.  In  Section  2,  we 
review  the  bonding  process  and  discuss  the  optimiz¬ 
ation  of  the  process  to  realize  the  InP  lasers  with 
device  characteristics  as  good  as  the  conventional 
lasers  fabricated  on  lattice-matched  substrates.  Section 
3  describes  the  fabrication  of  the  InP  light  emitting 
diodes  (LEDs)  on  Si  integrated  with  back-surface  dif¬ 
fractive  lenses,  which  will  be  one  of  the  basic  building 
blocks  of  the  optical  interconnections.  In  Section  4,  a 
novel  bonding  process  is  proposed  which  allows  the  in¬ 
tegration  of  optical  devices  on  structured  wafers  such 
as  actual  LSI  wafers,  and  conclusions  are  presented  in 
Section  5. 


The  bonding  process  starts  with  chemical  cleaning  of 
the  wafer  surfaces  with  H2S04:H202:H20  solution,  fol¬ 
lowed  by  rinsing  in  de-ionized  (DI)  water.  After  this 
cleaning,  the  surfaces  show  hydrophilic  characteristics, 
which  are  reported  to  be  preferable  for  achieving 
strong  bonds  at  relatively  low  temperatures  [22,23]. 
The  wafers  are  then  spin  dried  and  their  surfaces  are 
placed  in  contact  at  room  temperature  under  a  press¬ 
ure  of  4  kg/cm2  applied  on  the  wafers  to  ensure  the 
surface  contact.  The  wafers  adhered  to  each  other  at 
this  stage,  though  the  adhesion  is  not  very  strong. 
Finally,  the  wafers  are  annealed  at  elevated  tempera¬ 
tures  typically  for  30  min  in  an  H2  atmosphere  to 
increase  the  bonding  strength. 

The  bonding  mechanism  has  been  extensively  dis¬ 
cussed  for  Si-Si  wafer  bonding  [12,24]  and  a  similar 
mechanism  is  also  thought  to  be  responsible  for  the 
InP-Si  bonding.  The  proposed  mechanism  is  schemati¬ 
cally  summarized  in  Fig.  2.  First,  the  OH-groups  are 
absorbed  on  the  wafer  surface  during  the  cleaning  pro¬ 
cess  with  H2S04:H202:H20  (Fig.  2(a)),  which  is 
thought  to  be  an  origin  of  the  hydrophilicity.  When 
the  cleaned  surfaces  are  brought  into  contact  at  room 
temperature,  the  wafers  adhere  to  each  other  through 
the  hydrogen  bonding  between  the  OH-groups  (Fig. 
2(b)).  In  the  following  heat  treatment  at  moderate  tem¬ 
peratures  (200°C  <  T  <  400°C),  water  molecules  (H20) 
start  to  evaporate  and  escape  from  the  interface  and 
the  hydrogen  bonds  are  replaced  by  bonds  like  InP- 
O-Si  (Fig.  2(c)).  This  bond  is  usually  stronger  than  the 
hydrogen  bond,  which  results  in  increased  strength  at 
the  higher  temperatures.  When  the  wafers  are  annealed 
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2.7.  Bonding  process  and  mechanism 


H.  Wada  et  al.  /  Solid-State  Electronics  43  ( 1999)  1655-1663 


1657 


(a)  surface  cleaning 

(b)  contact  at  RT 

it 

1111 

: 

1  -vf 

1  1  1  .-i—l 

O  °v 

H  H  H 

InP 

H  H  H  H  H  H 

Hv  H,  H, 

.<?  y.  ? . 

1  ?  S  ?  , 

mmmm.  mmm 

Si 

(c)  heat  treatment  (d)  heat  treatment 

(  200  <  T  <  400  °C)  ( 500  °C  <  T ) 


Fig.  2.  Proposed  bonding  mechanism. 


at  even  higher  temperatures  (T>500oC),  evaporation 
of  phosphorus  from  InP  and  the  migration  of  indium 
atoms  become  pronounced  which  can  cause  atomic  re¬ 
arrangement  at  the  interface  (Fig.  2(d))  and  the  two 
wafers  can  be  atomically  bonded  to  form  stronger 
bonds  [8,14,15]. 

A  unique  feature  in  the  case  of  InP-Si  bonding  is 
that  the  thermal  expansion  coefficients  are  different 
between  the  materials  and  it  causes  a  thermal  stress 
which  may  produce  cracks  or  even  separate  the  wafers 
during  annealing  under  some  conditions  [9,25]. 
Therefore,  the  actual  bonding  mechanism  could  be 
more  complicated  than  that  described  above.  In  ad¬ 
dition,  the  bonding  properties  may  also  depend  on  the 
surface  morphology  and  the  wafer  size  and  thickness, 
which  makes  full  understanding  of  the  mechanism 
more  difficult.  Further  investigations  are  needed  to 
understand  the  mechanism  more  clearly. 

2.2.  Optimization  of  bonding  temperature 

As  suggested  by  the  model  described  above,  the 
bonding  temperature  is  a  very  important  parameter. 
Therefore,  first  of  all,  we  have  optimized  the  bonding 
temperature.  In  this  work,  it  has  been  optimized  in 
terms  of  (i)  quality  of  the  bonded  InP  crystals,  (ii) 
bonding  strength  and  (iii)  compatibility  with  the  device 
processes. 

The  higher  limit  of  the  bonding  temperature  is 
imposed  by  the  degradation  of  InP  crystal  quality  and 
Si  LSI  circuits.  The  quality  of  the  bonded  InP  ma¬ 
terials  has  been  evaluated  by  measuring  photolumines¬ 
cence  (PL)  intensity.  InP/InGaAsP  (Agap=1.3  pm) 


double-heterostructure  (DH)  films  were  bonded  on  Si 
at  several  temperatures  and  the  PL  intensities  from  the 
InGaAsP  active  layers  before  and  after  the  heat  treat¬ 
ment  were  measured  and  compared.  The  thickness  of 
the  InP  cladding  layer  which  determines  the  distance 
from  the  bonded  interface  to  the  active  layer  is  1.5  pm. 
The  PL  was  measured  through  the  Si  substrates  using 
a  1.2-pm  wavelength  laser  diode  as  the  pump  source. 
The  measured  PL  peak  intensity  is  shown  in  Fig.  3, 
normalized  to  the  value  obtained  before  the  heat  treat¬ 
ment.  At  temperatures  above  600°C,  the  intensity  is 
found  to  decrease  drastically.  This  indicates  that  the 
treatment  temperature  must  be  lower  than  550°C  to 
maintain  a  good  crystal  quality.  When  DH  wafers 
were  annealed  at  700°C  without  bonding,  the  PL  inten¬ 
sity  exhibited  no  significant  change.  Therefore,  the  loss 
of  intensity  is  not  due  to  the  heat  treatment  itself,  but 
originates  in  the  bonding  process  and  could  be  related 
to  the  threading  dislocations  caused  by  thermal  stress 
introduced  during  the  heat  treatment.  Actually,  in  the 
cross-sectional  transmission  electron  microscope 
(TEM)  observation  of  the  sample  bonded  at  700°C, 
threading  dislocations  were  clearly  observed  in  the  InP 
crystals  near  the  bonded  interface  [26]. 

Additionally,  bonding  below  500°C  is  preferable  in 
terms  of  compatibility  with  Si  LSI  circuits,  as  the  pre¬ 
viously  patterned  Al  interconnects  in  LSIs  may  be 
degraded  at  above  500°C  [10,11]. 

On  the  other  hand,  the  lower  temperature  limit  is 
imposed  by  the  laser  fabrication  process  following  the 
wafer  bonding.  The  formation  of  ohmic  contacts  on 
the  InP  lasers  requires  the  annealing  of  the  metals  at 
about  400°C,  which  will  be  described  later  again. 
Additionally,  higher  bonding  temperatures  are  prefer¬ 
able  in  terms  of  bonding  strength  as  the  bonds  usually 
strengthen  at  higher  temperatures.  Fig.  4  shows  the 
measured  dependence  of  the  bonding  strength  on  the 


Treatment  temperature  (°C) 

Fig.  3.  Peak  photoluminescence  intensity  from  InP/InGaAsP 
DHs  bonded  on  Si  at  different  temperatures.  The  active  layer 
was  optically  pumped  through  the  Si  substrate  by  a  1.2  pm 
wavelength  laser  and  the  photoluminescence  emitted  through 
the  Si  was  measured. 
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Treatment  temperature  (°C) 


Fig.  4.  Dependence  of  bonding  strength  on  treatment  tem¬ 
perature. 


treatment  temperature.  In  this  measurement,  350-pm- 
thick  InP  substrates,  5  x  10  mm2,  were  bonded  on  lar¬ 
ger  Si  substrates  and  the  strength  was  evaluated  from 
a  shear  force  required  to  separate  the  wafers.  As 
shown  in  Fig.  4,  the  bonding  strength  basically 
increases  as  the  temperature  rises,  which  is  consistent 
with  the  mechanism  explained  above,  although  large 
scattering  of  the  data  is  observed.  We  speculate  the 
data  scattering  to  be  mainly  due  to  the  unexpected  for¬ 
mation  of  voids  at  the  bonded  interface. 
Incompleteness  of  the  measurement  technique,  such  as 
nonuniform  distribution  of  the  applied  shear  force, 
may  be  an  additional  reason  for  the  data  scattering. 
Because  stronger  bonding  will  facilitate  the  following 
device  fabrication,  a  higher  temperature  is  also  prefer¬ 
able  from  this  point  of  view. 

On  consideration  of  these  factors,  the  bonding  tem¬ 
perature  has  been  determined  at  400°C  in  this  exper¬ 
iment. 


After  a  DI  water  rinse,  the  wafers  were  spin  dried  and 
their  surfaces  were  placed  in  contact  under  a  pressure 
of  4  kg/cm2  at  room  temperature  (Fig.  5(b)).  The 
wafers  adhered  to  each  other  at  this  stage  through  the 
hydrogen  bonding  between  the  surface  OH-groups. 

Then,  the  bonded  wafers  were  immersed  in  warm  or¬ 
ganic  solvent  to  dissolve  the  wax  from  the  side  comple¬ 
tely  and  detach  the  glass  plate  from  the  wafers.  The 
wafers  still  remained  bonded  after  this  wax  dissolving. 
The  sample  was  then  annealed  at  400°C  for  30  min  in 
an  H2  atmosphere  (Fig.  5(c)).  After  this  annealing 
step,  the  crystal  quality  of  the  bonded  DH  film  was 
evaluated  by  measuring  PL  intensity,  X-ray  rocking 
curve  and  etch-pit  density  (EPD).  All  the  measured 
results  indicated  that  the  quality  is  good  enough  to 
realize  the  lasers  on  Si — the  PL  intensity  as  high  as 
90%  of  that  before  bonding,  the  full-width-at-half- 


23.  Fabrication  of  InP  edge-emitting  lasers  on  Si 

In  order  to  examine  if  the  bonding  process  is  really 
applicable  to  the  integration  of  the  lasers  on  Si,  we 
first  fabricated  the  InGaAsP/InP  edge-emitting  lasers 
on  Si.  The  laser  fabrication  process  is  summarized  in 
Fig.  5.  First  of  all,  a  DH  structure  was  grown  on  a  p- 
type  (100)  InP  substrate  by  metalorganic  vapor  phase 
epitaxy  (MOVPE)  and  was  composed  of  a  0.2-pm 
InGaAs  etch-stop  layer,  a  1.5-pm  p-InP  cladding  layer, 
a  0.15-pm  InGaAsP  bulk  active  layer  (2gap  =  1.3  pm),  a 
15-pm  n-InP  cladding  layer  and  a  0.1 -pm  n-InGaAs 
cap  layer.  The  epitaxial  wafer,  with  a  typical  size  of  10 
x  10  mm2,  was  then  stuck  on  a  glass  plate  with  wax 
for  mechanical  support  (Fig.  5(a)).  Next,  the  p-InP 
substrate  and  the  InGaAs  etch-stop  layer  were  selec¬ 
tively  etched  to  leave  a  thin  DH  film  on  a  glass  plate. 
The  exposed  surface  of  the  p-InP  cladding  layer  was 
then  cleaned  with  The  surface  of  a 

Si  substrate  was  also  cleaned  with 


(c) 


Fig.  5.  Schematic  diagram  of  the  edge-emitting  laser  fabrica¬ 
tion  process:  (a)  DH  wafer  growth  and  sticking  of  the  wafer 
on  a  glass  plate  for  mechanical  support,  (b)  substrate  etching, 
surface  cleaning  and  contact  at  room  temperature,  (c)  heat 
treatment  at  400°C  after  detachment  of  the  glass  plate  and  (d) 
mesa  stripe  and  ohmic  contact  formation. 


H.  Wada  et  al.  j  Solid-State  Electronics  43  ( 1999)  1655-1663 


1659 


maximum  (FWHM)  of  the  (400)  X-ray  rocking  curve 
as  narrow  as  35  arcsec,  and  the  EPD  of  2  x  104  cm  2 . 

After  bonding  of  the  thin  film,  8-|im-wide  mesa 
stripes  were  formed  by  standard  photolithography  and 
wet  etching.  The  active  layer  was  slightly  undercut  to 
reduce  the  active  width  to  6  pm.  Finally,  AuGeNi  and 
AuZn  were  evaporated  and  alloyed  at  400°C  to  form 
n-  and  p-type  ohmic  contacts  to  complete  the  laser  fab¬ 
rication  (Fig.  5(d)). 

In  this  fabrication  process,  the  350-pm-thick  InP 
substrate  was  etched  away  before  the  annealing  step. 
When  we  tried  to  etch  the  substrate  after  annealing, 
the  InP  wafer  often  cracked  during  substrate  etching, 
probably  due  to  nonuniform  redistribution  of  the  ther¬ 
mal  strain,  while  it  hardly  occurred  when  the  wafer 
was  bonded  after  substrate  removal.  Moreover,  the 
flexibility  of  the  thin  film  may  allow  it  to  conform  to 
the  undulations  of  the  wafer  surface,  as  proposed  in 
the  epitaxial  liftoff  process  [7].  Therefore,  thin  film 
bonding  is  preferable  and  actually  produces  a  higher 
yield  than  thick  wafer  bonding. 

The  yield  of  the  bonding  process  seems  to  depend 
critically  on  the  surface  quality  and  preparation.  For 
example,  dust  particles  trapped  at  the  interface  during 
the  bonding  process  lowers  the  yield  greatly. 
Therefore,  in  this  experiment,  the  wafers  were  dried 
and  brought  into  contact  on  a  clean  bench  with  0.3- 
pm  particles  of  less  than  30  counts/ft3.  Moreover,  rela¬ 
tively  small  wafers  (typically  10  x  10  mm2)  were  used, 
to  reduce  the  chances  of  trapping  the  particles  between 
the  wafers.  However,  the  process  yield  was  still  much 
lower  than  that  of  conventional  laser  process.  Other 
factors,  such  as  impurities  which  vaporize  at  elevated 
temperatures,  surface  undulation  and  warp,  can  also 
cause  void  formation  at  the  interface,  which  further 
degrades  the  yield.  Therefore,  more  careful  control  of 
the  wafer  surface  will  be  required  to  achieve  a  yield 
high  enough  for  manufacturing,  especially  when  larger 
wafers  are  required  to  be  bonded. 

After  thinning  the  Si  substrate  down  to  about 
100  pm,  the  lasers  were  cleaved  into  300-pm-long  cav¬ 
ities  and  mounted  on  Si  heat  sinks  with  junction-up 
configuration.  For  comparison,  the  same  laser  struc¬ 
ture  was  fabricated  on  a  p-InP  substrate.  The  light- 
current  ( L-I )  characteristics  of  the  devices  were 
measured  at  room  temperature  (RT)  without  any  facet 
coatings.  Room  temperature  CW  operation  has  been 
achieved  with  these  devices  as  shown  in  Fig.  6.  In  this 
figure,  the  L-I  curves  of  three  lasers  on  Si  are  shown, 
together  with  those  of  the  conventional  lasers  on  InP 
for  comparison.  The  kinks  in  the  L-I  curves  are  due 
to  multiple  transverse-mode  operation  of  the  lasers 
with  6-pm-wide  active  regions.  The  threshold  currents 
are  about  the  same  (/t h =  39  mA)  for  both  the  struc¬ 
tures,  which  again  demonstrates  the  high  crystal  qual¬ 
ity  of  the  bonded  DH  films.  Moreover,  maximum 


Fig.  6.  L-I  curves  of  the  lasers  fabricated  on  Si  under  room- 
temperature  CW  operation,  together  with  those  of  lasers  on 
InP  for  comparison.  Higher  output  powers  are  obtained  with 
lasers  on  Si. 

output  powers  of  lasers  on  Si  are  higher  than  those  of 
conventional  lasers  on  InP.  This  can  be  attributed  to 
the  lower  thermal  conductivity  of  the  Si  substrates, 
which  is  one  of  the  advantages  of  fabricating  lasers  on 
Si.  These  results  indicate  that  the  wafer  bonding  is  a 
promising  technique  to  integrate  high-quality  InP 
lasers  on  Si  wafers. 

3.  InP  LEDs  on  Si  integrated  with  back-surface 
diffractive  lenses 

3.1.  Fabrication 

In  order  to  implement  the  optical  interconnections 
between  Si  LSIs  illustrated  in  Fig.  1,  InP  surface-emit¬ 
ting  lasers  (SELs)  are  required  to  be  integrated  on  the 
LSI  wafers.  We  are  thus  trying  to  fabricate  the  InP 
SELs  on  Si  by  wafer  bonding  and  have  so  far  suc¬ 
ceeded  to  achieve  room  temperature  lasing  operation 
by  photo-pumping  [27].  However,  it  is  still  very  diffi¬ 
cult  to  achieve  lasing  by  current-injection  in  the  InP 
SELs  because  of  complexivity  in  the  device  design  [28]. 
Therefore,  in  this  work,  we  have  fabricated  InP  LEDs, 
instead  of  SELs,  and  demonstrated  the  integration  of 
diffractive  lenses  on  the  back-surface  of  the  Si  wafers, 
which  will  be  one  of  the  basic  building  blocks  in  the 
interchip  and/or  intrachip  optical  interconnections. 

The  fabrication  process  is  basically  the  same  as  that 
for  edge-emitting  lasers  (Fig.  5)  and  briefly  summarized 
in  Fig.  7.  First,  the  InGaAsP/InP  double-heterostruc- 
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Fig.  7.  Schematic  fabrication  process  of  the  InP  LEDs  with 
back-surface  diffractive  lenses:  (a)  bonding  of  a  DH  thin  film 
on  a  Si  substrate,  (b)  fabrication  of  LED  structures  and  (c) 
integration  of  diffractive  lenses  on  the  back-surface  of  the  Si 
wafer. 


ture  (DH)  was  grown  on  an  n-InP  substrate  by 
MOVPE  and  the  thin  DH  films  were  directly  bonded 
on  Si  substrates  (Fig.  7(a)).  The  thickness  of  the  Si 
substrate  used  in  this  work  was  300  pm.  After  bond¬ 
ing,  the  active  region  of  the  LED  was  defined  by  etch¬ 
ing  the  p-InP  cladding  and  active  layers  to  form  mesa 
structure  20-pm  in  diameter.  P-  and  n-type  ohmic  con¬ 
tacts  were  formed  on  InP  with  using  polyimide  as  an 
insulator  (Fig.  7(b)).  Finally,  the  binary  diffractive 
lenses  were  fabricated  on  the  back-surface  of  the  Si 
substrates  by  photolithography  using  double-view 
mask  aligner  and  reactive  ion  etching  of  Si  (Fig.  7(c)). 

Fig.  8  shows  (a)  the  picture  of  the  fabricated  pattern 
of  the  back-surface  diffractive  lens  and  (b)  simul¬ 
taneous  view  of  the  front  LED  and  the  back  lens  pat¬ 
terns  observed  with  a  double-view  micro-scope.  As 
shown  in  Fig.  8(b),  the  LED  and  lens  patterns  are 
well-aligned  with  an  alignment  error  typically  less  than 
1.5  pm. 
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Fig.  8.  Pictures  of  the  LEDs  with  diffractive  lenses:  (a)  pat¬ 
terns  of  the  back-surface  diffractive  lens  and  (b)  simultaneous 
view  of  the  front  LED  and  back  lens  patterns  observed  with 
double-view  microscope. 


3.2.  Characteristics 

The  output  power  was  measured  under  room  tem¬ 
perature  CW  operation  using  large-area  (10  mm  in  di- 
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ameter)  Ge  photodetector  (PD).  The  total  power 
emitted  through  the  substrate  without  the  diffractive 
lens  was  measured  by  placing  the  Ge  detector  as  close 
to  the  LEDs  as  possible,  as  shown  in  Fig.  9(a).  The 
light  output  higher  than  200  pW  was  obtained.  Fig. 
9(b)  and  (c)  show  the  power  from  the  LEDs  (b)  with¬ 
out  and  (c)  with  the  diffractive  lens,  which  were 
detected  by  the  PD  placed  at  some  distance  away  from 
the  LEDs  so  as  to  cover  the  solid  angle  of  only  20°,  as 
illustrated  in  Fig.  7(b).  Without  the  diffractive  lens 
(Fig  7(b)),  the  detected  power  was  only  one  tenth  of 
the  total  power,  which  agrees  well  with  the  theoretical 
prediction.  On  the  other  hand,  with  the  lens  (Fig. 
7(c)),  about  35%  of  the  total  power  was  detected  by 
the  PD  with  the  same  configuration  as  Fig.  7(b),  which 
indicates  the  LED  light  is  collimated  by  the  back-sur¬ 
face  diffractive  lens.  Because  the  lens  fabricated  in  this 
work  is  binary  (two-phase)  lens,  the  maximum  diffrac¬ 
tion  efficiency  is  theoretically  limited  at  about  40%. 
Higher  collimated  power  will  be  available  by  using 
multi-level  diffractive  lenses,  e.g.  80%  with  four-phase- 
level  and  95%  with  eight-phase-level  diffractive  lenses. 

Fig.  10  shows  the  beam  size  measured  as  a  function 
of  a  distance  from  the  diffractive  lens.  Although  the 
beam  is  slightly  divergent  (with  a  divergent  angle  of 
about  4°),  which  is  attributed  to  that  the  Si  substrate 
used  in  this  work  was  20%  thinner  than  the  designed 
thickness,  it  is  obvious  that  the  directivity  of  the  LED 
light  is  significantly  improved  by  the  diffractive  lens. 
These  results  show  the  InP  LEDs  integrated  with  the 
back-surface  diffractive  lenses  are  promising  devices 
for  optical  interconnects  between  Si  LSI  chips. 


Fig.  10.  Beam  size  measured  as  a  function  of  the  distance 
from  the  diffractive  lens. 

4.  Selective-area  wafer  bonding 

In  the  previous  sections,  we  have  shown  that  high-  ' 
quality  InP  devices  can  be  fabricated  on  pure  Si  sub¬ 
strates.  However,  actual  Si  LSI  wafers,  on  which  the 
devices  are  required  to  be  integrated,  have  many  struc¬ 
tures  and  steps  on  their  surfaces.  In  this  section,  we 
propose  a  bonding  process  which  allows  the  inte¬ 
gration  on  such  structured  surfaces. 

Fig.  11  illustrates  the  proposed  integration  process. 
First,  Si  LSI  wafers  are  designed  and  fabricated  to 
have  some  vacant  spaces  allocated  for  optical  devices, 
as  shown  in  Fig.  11(a).  Concurrently,  InP  DH  thin 


Fig.  9.  Output  power  vs  current  characteristics  of  the  fabricated  LEDs  with  and  without  the  back-surface  diffractive  lenses. 
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(a)  Si-LSI  fabrication  with  vacant 
spaces  prepared  for  optical  devices 

Si  LSI  patterns 


Vacant  spaces 


(b)  Preparation  of  InP  DH  film 


(c)  Island  formation 

I - * - - - 1 

. . C!J U — 

(d)  Surface  cleaning  &  wafer  bonding 


(g)  Fabrication  of  DOEs 

on  Si  back-surface 


(e)  Removal  of  glass  plate  &  annealing 

InP/InGaAsP  DH 


(f)  Fabrication  of  optical  devices 


Fig.  11.  Schematic  illustration  of  the  process  which  allows  the  integration  of  optical  devices  on  Si  LSI  wafers. 


films  are  prepared  as  described  previously  (Fig.  11(b)) 
and  the  islands  are  formed  in  the  thin  films  by  photo¬ 
lithography  and  etching  with  the  same  pattern  as  the 
vacant  spaces  on  the  LSI  wafers  (Fig.  11(c)).  The  sur¬ 
faces  of  both  the  wafers  are  then  cleaned  and  the 
islands  are  aligned  to  the  vacant  spaces  and  directly 
bonded  at  room  temperature  (Fig.  11(d)).  After  remov¬ 
ing  the  glass  plate  and  annealing  at  400°C  (Fig.  11(e)), 
optical  devices  are  fabricated  in  the  DH  islands  by 
lithography  and  the  interconnection  metals  are  depos¬ 
ited  and  patterned  (Fig.  11(0).  Since  small  optical 
devices  can  be  defined  at  this  step,  the  DH  islands  and 
the  vacant  spaces  may  be  much  bigger  than  the  optical 
devices,  which  greatly  facilitates  the  alignment  at  bond¬ 
ing  in  the  step  of  Fig.  11(d).  Finally,  the  back-surface 
optical  elements,  such  as  diffractive  lenses  and  beam 
deflectors,  can  be  fabricated  on  the  back-surface  of  the 
Si  wafers  (Fig.  11(g)). 

By  using  this  process,  we  can  bond  to  DH  islands 
even  if  there  are  LSI  patterns  on  the  Si  wafers  and 
align  the  optical  devices  to  the  LSI  patterns  by  stan¬ 
dard  photolithography.  Therefore,  we  can  integrate 


large  number  of  small  optical  devices  well-aligned  to 
the  LSI  patterns,  which  will  allow  the  inexpensive 
optoelectronic  integrated  circuits.  Actual  design  of  the 
Si  LSIs  with  some  vacant  spaces  (Fig.  11(a))  and  inte¬ 
gration  of  the  optical  devices  on  the  LSIs  are  now 
under  way. 


5.  Conclusion 

Wafer  bonding  of  InP  to  Si  has  been  investigated  as 
a  key  technology  to  integrate  the  optical  devices  on  Si 
for  interchip  and/or  intrachip  optical  interconnections. 
The  bonding  process  has  been  optimized  to  allow  the 
integration  of  the  InGaAsP/InP  DH  films  on  Si  with 
keeping  crystal  qualities  good  enough  to  make  the 
lasers.  As  a  result,  InP  edge-emitting  lasers  have  been 
successfully  fabricated  on  Si  and  room  temperature 
CW  operation  has  been  achieved.  In  addition,  InP 
LEDS  integrated  with  back-surface  diffractive  lenses 
have  been  fabricated  on  Si  as  one  of  the  basic  building 
blocks  in  the  optical  interconnections.  A  novel  bonding 
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process  which  allows  the  integration  on  actual  LSI 
wafers  has  also  been  proposed. 

Finally,  it  would  be  worthwhile  to  summarize  the 
advantages  of  the  wafer  bonding  over  other  bonding 
techniques,  such  as  bonding  with  adhesives  and  flip- 
chip  bonding.  Bonding  with  adhesives  (e.g.  polyimide) 
has  been  developed  and  GaAs  SELs  were  successfully 
integrated  on  Si  chips  [29].  However,  the  high  thermal 
resistance  of  the  adhesives  causes  the  undesirable  tem¬ 
perature  increase  of  the  optical  devices,  which  will  de¬ 
teriorate  the  device  performance.  On  the  contrary,  as 
discussed  in  Fig.  6,  the  lasers  fabricated  on  Si  with  the 
wafer  bonding  technique  has  shown  higher  output 
powers  than  the  conventional  lasers  on  InP,  which  in¬ 
dicates  a  good  heat  dissipation  through  the  bonded 
interface.  Although  metals  or  solders  may  be  other 
candidates  as  adhesives  with  lower  thermal  resistance, 
it  is  opaque  and  not  applicable  to  vertical  optical  inter¬ 
connections  between  stacked  LSIs  (Fig.  1(a)).  Flip-chip 
bonding  is  another  promising  integration  technique. 
However,  when  a  large  number  of  small  optical  devices 
are  required  to  be  integrated,  alignment  at  flip-chip 
bonding  may  become  stringent  and  expensive.  In  the 
wafer  bonding,  small  devices  can  be  fabricated  with 
conventional  photolithography  after  grafting  the  InP- 
based  materials  with  larger  area  (Fig.  11(f)),  which  will 
make  the  alignment  very  easy  and  inexpensive. 
Therefore,  we  believe  the  wafer  bonding  described  in 
this  paper  has  advantages  over  other  bonding  tech¬ 
niques  and  is  very  promising  to  realize  optical  inter¬ 
connection  between  LSI  chips  and  other  optoelectronic 
integrations. 
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